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PR EFACE

Board certification in Pediatric Anesthesiology was estab-
lished in 2013 and provides this dynamic subspecialty with 
a mechanism to formally recognize expertise in periop-
erative care for pediatric patients undergoing surgical and 
diagnostic procedures. The field of Pediatric Anesthesiology 
continues to expand and now includes the subspecialties of 
chronic pain management and ultrasound-guided regional 
anesthesia. Individuals who practice this discipline must 
complete a 4-year Anesthesiology residency followed by a 1- 
to 2-year Pediatric Anesthesiology fellowship. Additional 
training in pediatric cardiac anesthesia, intensive care, 
pain management, and regional anesthesia can be pursued 
as well.

This textbook was compiled as a high-yield study 
aid that will assist Anesthesiology residents, Pediatric 
Anesthesiology attending physicians, and certified regis-
tered nurse anesthetists (CRNAs) to rapidly consolidate 
knowledge in the fundamentals of this specialty while pre-
paring for written certification in anesthesiology, pediatric 
subspecialty certification, and in the routine care of their 
patients.

The textbook follows the published American Board of 
Anesthesiology Pediatric Anesthesiology certification con-
tent outline. Major topics include basic sciences, organ-based 
clinical sciences, subspecialties, and special techniques. 

With more than 600 questions formatted according to 
the new American Board of Anesthesiology standards, 
this text includes a comprehensive review of each subtopic 
in the content outline. Each answer discussion provides a 
thorough overview of the subject and includes key points 
after each question, which allows for efficient review of the 
subject matter for rapid recall. Numerous figures and tables 
allow for efficient consolidation of key facts during review. 
Furthermore, references after each answer discussion pro-
vide readers with resources to major texts and seminal 
papers on each subject matter.

We are grateful to our contributing authors for sharing 
their expertise through the question-and-answer format 
employed in this textbook. Their efforts have made this 
project successful. We are also grateful for the support of 
Drs. Paul Hickey and Mark Rockoff of Boston Children’s 
Hospital, whose support and encouragement made this 
endeavor possible. We are also indebted to the staff at 
Oxford University Press, particularly Andrea Seils and 
Rebecca Suzan.

We hope that you find Pediatric Anesthesiology: 
A Comprehensive Board Review a valuable addition to the 
materials used in preparation for the written certification 
examination as well as in the daily care of your patients.
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1.
A NATOM Y

Amber N. Borucki and Herodotos Ellinas

1. Compared to an adult airway, which anatomic differ-
ence of an infant airway is correct?

A. An infant’s larynx is more anterior and caudad 
compared to the adult’s.

B. An infant’s narrowest portion of the upper airway is 
at the upper trachea below the cricoid cartilage.

C. An infant’s epiglottis is flat, broad, and floppy 
compared to the adult’s.

D. An infant’s anterior portion of the vocal cords is 
attached caudad compared to the posterior portion.

2. Neonates require a higher dose of succinylcho-
line compared to adults. Which one of the following 
explains this finding?

A. Smaller proportion of fat distribution
B. Smaller muscle mass
C. Larger extracellular fluid volume
D. Larger protein binding

3. You are taking care of a 2-month-old, 4  kg boy for 
thoracotomy with lung resection for congenital cystic 
adenomatoid malformation (CCAM). Preoperative 
hematocrit is 28%. What would be the estimated blood 
loss if the intraoperative hematocrit is 21%?

A. 80 mL
B. 60 mL
C. 100 mL
D. 110 mL

4. What is the reason for administering a higher per kilo-
gram dose of propofol in a child compared with an adult?

A. Smaller proportion of fat distribution
B. Smaller muscle mass
C. Larger protein binding
D. Larger volume of distribution

5. An 11-year-old, 90  kg boy with a body mass index 
(BMI) of 36  kg/m2 is scheduled to undergo tonsillec-
tomy and adenoidectomy. What would be the most 
important perioperative concern?

A. Postoperative nausea and vomiting
B. Postoperative respiratory depression
C. Gastroesophageal reflux
D. Hepatic enzymatic drug metabolism

6. An 1800 g, 2-day-old, 34-week premature male infant 
presents for repair of left congenital diaphragmatic her-
nia. A  double-lumen umbilical venous catheter is in 
place for intravenous access. Which of the following 
statements describes proper technique for umbilical 
venous catheter placement?

A. Umbilical venous catheters may be placed if 
peritonitis is present.

B. The appropriate location of the tip of an umbilical 
venous catheter is at the junction of the inferior vena 
cava and the right atrium.

C. The ductus venosus is patent for catheter 
advancement for the first month of life.

D. If resistance is met during placement, the catheter 
should be left in its current location and only 
exchange transfusion can be performed.

7. A 6-month-old male presents for hypospadias repair. 
The anesthetic plan includes caudal epidural anesthe-
sia. Which of the following statements describes the 
normal sacral anatomy of an infant?

A. The anterior superior iliac spines and the sacral 
cornua form an equilateral triangle used for caudal 
epidural anesthesia placement.

B. The sacral vertebrae are fused at this age.
C. The infant dural sac terminates at the level of the 

third sacral vertebrae.
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D. The infant sacrum has a greater curvature (lordosis) 
than the adult sacrum.

8. A 5 kg, 3-month-old male patient presents for endo-
scopic sagittal suture removal due to craniosynostosis. 
The anesthetic plan includes general endotracheal anes-
thesia. Which of the following statements describes the 
infant airway?

A. The infant epiglottis is broad and angled parallel to 
the axis of the trachea.

B. The thyroid cartilage is the only complete ring of 
cartilage to encircle any part of the airway.

C. A more acute angle exists between the plane of the 
tongue and the plane of the laryngeal inlet in an infant.

D. In a preterm infant, the larynx is located at the 
middle of the fourth cervical vertebra.

9. A 5-year-old, 22 kg ASA 1 male presents for left inguinal 
hernia repair. The anesthetic plan includes general anes-
thesia augmented with an ilioinguinal nerve block for 
postoperative pain control. Which of the following state-
ments describes the anatomy of the ilioinguinal nerve?

A. The ilioinguinal nerve is derived from the ventral 
rami of the L2 spinal nerve root.

B. After leaving the lumbar plexus, the ilioinguinal 
nerve courses posterior to the quadratus lumborum 
muscle.

C. The ilioinguinal nerve is derived from the dorsal 
rami of the L2 spinal nerve root.

D. The ilioinguinal nerve provides motor innervation to 
the internal oblique muscle.

10. An umbilical arterial line was placed in an 1100 g, 
27-week premature male infant for blood sampling. 
Forty-five minutes after placement, blanching of the 
right lower extremity is observed. Which of the follow-
ing complications of an umbilical arterial line has the 
patient developed?

A. Malpositioned catheter
B. Thromboembolic event
C. Vasospasm
D. Vessel perforation during placement

11. Percutaneous needle cricothyroidotomy and surgi-
cal cricothyroidotomy are both included in the difficult 
airway algorithm for emergency airway management in 
pediatric patients. Which of the following statements 
accurately describes their use?

A. Risk of injury to vital structures is considered to be 
the same using both the percutaneous and surgical 
techniques.

B. The percutaneous technique is more successful than 
the surgical technique.

C. Surgical cricothyrotomy is more rapidly performed 
than percutaneous cricothryotomy.

D. Percutaneous cricothyrotomy uses 
techniques familiar to nonsurgical trained 
physicians, which enhances their comfort level 
and speed.

12. A  peripheral nerve block was performed at the 
elbow on a 14  kg, 2-year-old female for removal of a 
mass on the wrist. A total of 3 mL of 0.2% ropivicaine 
was injected 1 cm lateral to the biceps tendon along the 
intracondylar line. Which nerve was injected?

A. Ulnar nerve
B. Radial nerve
C. Median nerve
D. Musculocutaneous nerve

13. A  12-year-old female weighing 35  kg presents for 
resection of a right anterior thigh mass. The surgeon 
would like a peripheral nerve block performed for post-
operative pain control. Which of following is the most 
appropriate regional block?

A. Fascia iliaca
B. Sciatic nerve
C. Lateral femoral cutaneous nerve
D. Iliohypogastric nerve

14. A  14-month-old previously healthy male was 
involved in a restrained motor vehicle accident. In the 
emergency room he was found to have a classic “seat-
belt sign.” A  kidney, ureter, and bladder (KUB) X-ray 
obtained showed free air in the abdomen. He was 
urgently brought to the operating room for exploratory 
laparotomy. He had difficult intravenous access in the 
emergency room, and an intraosseous line was placed. 
Which of the following statements describes appropri-
ate usage of an intraosseous line?

A. Intraosseous line placement may affect later tibial 
growth in children.

B. Complications such as cellulitis, abscess, fracture, 
and osteomyelitis occur in 11% of cases.

C. Contraindication if prior insertion of an 
intraosseous line in the extremity within  
24 hours.

D. It should not be used for emergency  
resuscitation.

15. A 1-day-old, 2200 g, 35-week premature male infant 
with congenital diaphragmatic hernia presents urgently 
for repair. The anesthetic plan includes placement of a 
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preductal arterial line. Which of the following arteries 
will be suitable?

A. Right femoral artery
B. Umbilical artery
C. Left temporal artery
D. Left subclavian artery

16. A 14-month-old male presents for revision of a prior 
circumcision. The urologic surgeon asks you to place a 
penile nerve block for analgesia. Which of the follow-
ing statements properly describes the innervation of 
the penis?

A. The dorsal penile nerve is derived from fibers of the 
perineal nerve branch of the pudendal nerve.

B. The pudendal nerve is derived from the ventral rami 
of the L4-S2 segments of the spinal cord.

C. The dorsal penile nerve divides into two 
branches, which separate at the level of the 
symphysis pubis.

D. Branches of the iliohypogastric nerve supply the skin 
at the root of the penis.

17. An 8-month-old, 9  kg male presents for thoracot-
omy and resection of a congenital cystic adenomatoid 

malformation on the left lung. The anesthetic plan 
includes placement of a left-sided paravertebral cath-
eter for postoperative analgesia. Which of the follow-
ing statements accurately describes the anatomy of the 
paravertebral space?

A. Sympathetic ganglia and rami communicantes are 
present in the paravertebral space.

B. The paravertebral space is continuous from T1 to L5, 
allowing passage of a catheter.

C. The anterolateral boundary of the paravertebral 
space is the visceral pleura.

D. The paravertebral space does not exist in the 
lumbar area.

18. An 11-year-old, 35 kg male presents for excision of 
a right foot ganglion cyst. The cyst is located on the lat-
eral aspect of the foot immediately inferior to the lateral 
malleolus. An ankle block is planned for postoperative 
analgesia. Which of the following nerves supplies the 
sensory innervation to this dermatome?

A. The deep peroneal nerve
B. The sural nerve
C. The superficial peroneal nerve
D. The saphenous nerve
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C H A P T E R   1  A N S W E R S

1. ANSWER: D

This question discusses the anatomic differences of the 
pediatric versus the adult airway. In adults, the larynx is 
located at the level of C4-C5. Based on magnetic resonance 
imaging (MRI) and computerized tomography (CT) con-
firmatory evidence, the infant larynx (up to 2 years of age) 
is located at the level of C3-C4 and therefore more cepha-
lad than the adult location.

The narrowest portion of the upper airway in 
infants is at the level of the cricoid cartilage (not below, 
as in Answer B), which was supported by a study of chil-
dren <2 years of age by MRI and CT. More recent data, 
however, in children of ages 2 months to 13 years old indi-
cate that the narrowest portion of the infant airway is the 
glottis and the immediate subglottic area and remains 
unchanged throughout childhood development. Despite 
data from this study, Cote’s Practice of Anesthesia for Infants 
and Children (5th ed.) states that “the cricoid cartilage is 
functionally the narrowest portion of the upper airway 
and large diameter endotracheal tubes may meet resistance 
immediately below the cords (subglottic or cricoid ring 
region).”

The epiglottis in an infant is narrower, shaped like 
the Greek letter omega, and angled away from the axis of 
the trachea. Its position may cause difficulty with lifting the 
epiglottis during direct laryngoscopy.

In adults, the vocal cords lie perpendicularly to the 
trachea, whereas in infants the vocal cords are angled 
inferiorly, which means that the anterior portion is 
attached caudad compared to the posterior portion. 
This can provide more challenges during tracheal intuba-
tion, especially if the endotracheal tube is inserted via the 
nasal approach.

K E Y FAC T S

• There is controversy about the narrowest portion of 
the upper airway in infants described as the glottis 
or subglottis (cricoid cartilage) depending on the 
literature cited.

• The infant larynx (up to 2 years of age) is located at the 
level of C3-C4, which is more cephalad than the adult 
larynx located at the level of C4-C5.

• The infant larynx is more anteriorly located than the 
adult larynx.

• The infant epiglottis is narrower, shaped like the Greek 
letter omega, and angled away from the axis of the 
trachea.

• In an infant, vocal cords are angled inferiorly with 
the anterior portion attached caudad compared to the 
posterior portion.

R E F E R E N C E S

Cote CJ. A Practice of Anesthesia for Infants and Children. 5th ed. 
Philadelphia, PA: Saunders; 2013.

Davis PJ, Cladis FP, Motoyama EK. eds. Smith’s Anesthesia for Infants 
and Children. 8th ed. St. Louis, MO: Mosby; 2011.

Hudgins PA, Siegel J, Jacobs I, Abramowsky CR. The normal pediatric 
larynx on CT and MR. AJNR 1997;18:239–45.

Litman RS, Weissend EE, Shibata D, Westesson PL. Developmental 
changes of laryngeal dimensions in unparalyzed, sedated children. 
Anesthesiology 2003;98:41–5.

2. ANSWER: C

This question describes differences in volume of distribu-
tion between infants, children, and adults. The correct 
answer is C.

Drug absorption and distribution is affected by 
three components: total body water (TBW), total body 
fat, and total body protein (Table 1.1). TBW affects dis-
tribution of water-soluble medications such as antibiotics 
and muscle relaxants, including succinylcholine. TBW is 
divided into two compartments: intracellular and extra-
cellular, both of which are larger than in adults. The per-
cent of TBW in term infants is about 70%–80% and reaches 
adult composition of about 60% by the age of 12 years. The 
additional percent of water found in infants demands a 
higher dosing of medications such as succinylcholine to 
obtain the same effect as in adults.

Infants and children have a smaller proportion of fat 
distribution compared to adults with about 12% of body 
weight at term versus 20%–25% of adult body weight. 
Medications that require redistribution to muscle or fat for 
resolution of clinical effects may have both a higher initial 
blood level and prolonged duration of action (barbitu-
rates, opioids). These effects may result in longer sedation 
and respiratory compromise.

Infants and children have lower levels of the two 
main plasma proteins albumin and α

1
-acid glycoprotein, 

thus allowing for higher free fraction of medications and 
a stronger effect. Alteration in protein binding affects 
medications that are acidic (highly protein bound) such 
as antiepileptics, local anesthetics, antibiotics, and 
midazolam.

Table 1.1 COMPONENTS AFFECTING DRUG 

ABSORPTION AND DISTRIBUTION

PR ETER M TER M ADULT

Total body water (% body weight) 80 70 60

Muscle mass (% body weight) 15 20 50

Fat (% body weight) 3 12 20–25

Blood volume (mL/kg) 90 80 70
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Succinylcholine is used in neonates and children 
based on similar indications as in adults (rapid sequence 
induction [RSI] for full stomach; i.e., acute appendicitis, 
severe gastroesophageal reflux, trauma, and pyloric steno-
sis). It is effective intramuscularly with complete muscle 
relaxation achieved in 3–4 minutes. As noted earlier, a 
higher dose is needed to achieve a similar effect as in 
adults; faster resolution of clinical effect is noted in infants 
and children and is due to faster clearance. Succinylcholine 
is metabolized by butyrylcholinesterase (plasma cholin-
esterase, pseudocholinesterase) and although the enzyme 
activity is lower in neonates, no clinical significance is 
noted. Contraindications for its administration are the 
same as for adults (i.e., trauma, burns, prolonged immobil-
ity, upper and lower motor neuron disorders, and history of 
malignant hyperthermia).

K E Y FAC T S

• Drug absorption and distribution is affected by three 
components: TBW, total body fat, and total body 
protein.

• TBW is greater in infants and children, and therefore 
higher doses of succinylcholine are required.

• Infants and children have a smaller proportion of 
fat distribution compared to adults, which may lead 
to prolonged duration of action for barbiturates and 
opioids.

• Infants and children have lower levels of plasma proteins 
of albumin and α

1
-acid glycoprotein, which affects 

medications that are acidic (highly protein bound) 
such as antiepileptics, local anesthetics, antibiotics, 
and midazolam.

R E F E R E N C E S

Cote CJ. Pharmacokinetics and pharmacology of drugs used in chil-
dren. In:  A Practice for Anesthesia for Infants/Children. 4th ed. 
Philadelphia, PA: Saunders; 2009:85–86, 122.

Davis PJ. Pharmacology of pediatric anesthesia. In: Davis PJ, Cladis FP, 
Motoyama EK, eds. Smith’s Anesthesia for Infants and Children. 8th 
ed. St. Louis, MO: Mosby; 2011:247–9.

3. ANSWER: A

This question outlines differences in blood volume in chil-
dren compared to adults. The correct answer is A.

It is important to estimate blood volume for each child 
undergoing anesthesia in order to anticipate the need for 
replacement (see Table  1.2). Blood volume is higher in 
preterm and term infants compared to adults due to an 
increased plasma volume. In the preterm infant, the blood 
volume is about 90–100 mL/kg, and it decreases with 

age to attain adult levels of about 60–70 mL/kg. Data 
suggest that obese children should be treated as hav-
ing an adult-like blood volume of about 60–70 mL/kg 
rather than a child equivalent of 70–80 mL/kg.

Oxygen supply and demand dictate lowest hematocrit 
allowed for each individual. A child with a severe respira-
tory disorder, central nervous system injury, or cyanotic 
heart disease is in need of a higher hematocrit to maintain 
adequate oxygen-carrying capacity to prevent further com-
promise. A premature infant will also require a higher 
hematocrit to help prevent apnea of prematurity and its 
associated complications of bradycardia and failure to 
thrive.

To estimate blood loss from an initial hematocrit to a 
current hematocrit, we use the following formula:

estimated blood loss EBL   blood volume  weight 

 Hctin

( ) = ×

× iit curr init Hct Hct−( )/

In our case, estimated blood volume is 4 kg × 80 mL/kg, 
initial Hct is 28%, and current Hct is 21%; that is,

4  8   28  21 28  4 kg  8  mL kg   7 28  8  mL× × −( ) = × × =0 0 0/ / /

Remember that this number is only an estimate and 
actual hematocrit depends on both the rate of blood loss 
and the rate of fluid replacement with crystalloids and 
colloids.

K E Y FAC T S

• EBL = blood volume × weight × (Hct
init

 – Hct
curr

)/
Hct

init

• Premature newborn: 90–100 mL/kg
• Full-term newborn: 80–90 mL/kg
• 3 months–1 year: 75–80 mL/kg
• 3–6 years: 70–75 mL/kg

Table 1.2 ESTIMATES OF CIRCULATING 

BLOOD VOLUME

AGE BLOOD VOLUME (ML/KG)

Preemie 90–100

Full-term newborn 80–90

3–12 months 75–80

3–6 years 70–75

>6 years 65–70

SOURCE: Adapted from Davis PJ. Smith’s Anesthesia for Infants and Children. 
8th ed. St. Louis, MO: Mosby; 2011:384 and 409.
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• >6 years: 65–70 mL/kg
• Obese children should be treated as having an adult-like 

blood volume of about 60–70 mL/kg.

R E F E R E N C E S

Cote CJ. Strategies for blood product management and reducing trans-
fusions. In:  A Practice for Anesthesia for Infants/Children. 4th ed. 
Philadelphia, PA: Saunders; 2009:198–9.

Davis PJ. Blood conservation. In: Davis PJ, Cladis FP, Motoyama EK, 
eds. Smith’s Anesthesia for Infants and Children. 8th ed. St. Louis, 
MO: Mosby; 2011:409.

4. ANSWER: D

This question describes differences in volume of distribu-
tion between infants, children, and adults and describes the 
specific properties of propofol. Data in children show that 
the volume of distribution for propofol is larger than in 
adults.

Drug absorption and distribution is affected by 
three components: TBW, total body fat, and total body 
protein. TBW affects distribution of water-soluble medi-
cations such as antibiotics and muscle relaxants. TBW is 
divided into two compartments:  intracellular and extra-
cellular, both of which are larger than in adults. The per-
cent of body water in term infants is about 70%–80% and 
reaches adult composition of about 60% by age 12 years old. 
The additional percent of water found in infants demands 
a higher dosing of medications such as succinylcholine to 
obtain the same effect as in adults.

Infants and children have a smaller proportion of fat 
distribution compared to adults with about 12% of body 
weight at term versus 20%–25% of adult body weight. 
Medications that require redistribution to muscle or fat for 
resolution of clinical effects may have both a higher initial 
blood level and prolonged duration of action (barbiturates, 
opioids). These effects may result in longer sedation and 
respiratory compromise.

Infants and children have lower levels of the two main 
plasma proteins albumin and α

1
-acid glycoprotein, thus 

allowing for a higher free fraction of medications and a 
stronger effect. Alteration in protein binding affects medi-
cations that are acidic (highly protein bound) such as anti-
epileptics, local anesthetics, antibiotics, and midazolam.

Propofol is highly lipophilic with clinical effects 
dissipating due to rapid redistribution to vessel-rich 
organs and metabolism via the liver (conjugation to a 
water-soluble molecule) and excretion into the urine. In chil-
dren, higher doses are required both for induction (2–3 
mg/kg) and for maintenance of sedation (200–300  µg/
kg per minute). Context-sensitive half-time, however, is 
longer in children than in adults with 1-hour infusion time 

of about 10 minutes instead of 6 minutes in adults and a 
4-hour infusion of about 20 minutes instead of 10 minutes 
in adults.

K E Y FAC T S

• Volume of distribution for propofol is larger in children 
than in adults.

• Propofol is highly lipophilic with clinical effects 
dissipating due to rapid redistribution to vessel-rich 
organs and metabolism via the liver.

• Higher doses are required both for induction (2–3 mg/
kg) and for maintenance of sedation (200–300 µg/kg 
per minute).

• Context-sensitive half-time for propofol is longer in 
children than in adults.

R E F E R E N C E S

Cote CJ. Pharmacokinetics and pharmacology of drugs used in chil-
dren In:  A Practice for Anesthesia for Infants/Children. 4th ed. 
Philadelphia, PA: Saunders; 2009:114–7.

Davis PJ. Pharmacology of pediatric anesthesia. In:  Davis PJ, Cladis 
FP, Motoyama EK, eds. Smith’s Anesthesia for Infants and Children. 
8th ed. St. Louis, MO: Mosby; 2011:183, 202–4.

5. ANSWER: B

This question outlines health problems associated with obe-
sity. All of the answers are valid concerns in a young obese 
adolescent, but the most important one is perioperative 
respiratory depression due to both predisposition for 
obstructive sleep apnea and the use of opioids during 
tonsillectomy and adenoidectomy.

Postoperative nausea and vomiting is a concern, espe-
cially after this procedure, but is managed well with mul-
tidrug administration of ondansetron and dexamethasone. 
Gastroesophageal reflux (GER) is prevalent among 
morbidly obese patients with 70% complaining of 
heartburn. Data suggest that neither the volume nor 
the acidity is increased in nondiabetic, fasting, obese 
patients without GER. Fatty liver can affect metabolism 
of medications undergoing hepatic biotransformation, but 
in adolescents it is clinically not a significant risk, especially 
with no synthetic liver function changes and no clinical evi-
dence of liver disease (e.g., bleeding, platelet dysfunction).

Obesity has become one of the most important health 
issues the United States faces today. Based on data from 
the National Health and Nutrition Examination Survey, 
about 17% (12.5  million) children and adolescents aged 
2–19 years are obese. According to the Centers for Disease 
Control and Prevention (CDC), the best way to deter-
mine childhood overweight and obesity is by calculating 
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the BMI, which is equal to weight (kg) divided by height 
(m)  squared. CDC child/adolescent growth charts and 
calculators are available to provide an age-specific percen-
tile. Overweight is defined as BMI >85th percentile 
and obesity as BMI >95th percentile. Obesity diagnosed 
in early childhood not only persists in adolescence but 
also is maintained in adulthood with all of its associated 
comorbidities.

Side effects of obesity involve multiple systems. 
Cardiovascular disorders such as long-term hypertension 
with left ventricular dysfunction are seen as early as in 
the adolescent years; dyslipidemia with adult coronary 
artery disease and peripheral vascular disease are also 
prevalent. Respiratory compromise is a large component 
of morbidity with decreased functional residual capac-
ity (FRC), increased work of breathing, hypoxemia, 
obstructive sleep apnea, and eventual pulmonary hyper-
tension, cor pulmonale, and heart failure. Metabolic 
syndrome with insulin resistance and type 2 diabetes 
mellitus can be detrimental to the heart, kidneys, and brain. 
Gastrointestinal disorders include cholelithiasis, GER, 
and fatty liver (nonalcoholic steatohepatitis [NASH]). 
Neurologic problems include pseudotumor cerebri with 
persistent headaches requiring medical management and 
cerebrospinal fluid removal. Orthopedic issues include 
slipped capital femoral epiphysis (SCFE) and Blount 
disease (tibia vara).

Behavioral modification and dietary management are 
the main components of treatment in childhood obesity. 
Although medications and surgical management are the 
mainstay treatments in adults, few data are available in 
adolescents.

K E Y FAC T S

• Perioperative respiratory depression is due to both 
predisposition for obstructive sleep apnea and the use of 
opioids.

• GER is prevalent among morbidly obese patients 
with 70% complaining of heartburn; neither volume 
nor acidity is increased in nondiabetic, fasting, obese 
patients without GER.

• Overweight is defined as BMI >85th percentile and 
obesity as BMI >95th percentile.

• The comorbidities of obesity affect nearly every organ 
system.

R E F E R E N C E S

Cote CJ. Preoperative evaluation, premedication, and induction of 
anesthesia. In: A Practice for Anesthesia for Infants/Children. 4th ed. 
Philadelphia, PA: Saunders; 2009:57–8.

Davis PJ. Anesthesia for general abdominal, thoracic, urologic, and bar-
iatric surgery. In: Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s 
Anesthesia for Infants and Children. 8th ed. St. Louis, MO: Mosby; 
2011:782–5.

6. ANSWER: B

The umbilical vein is a convenient access site for place-
ment of central venous catheters in newborns. The major-
ity of umbilical venous catheters are placed blindly in 
the intensive care unit by neonatologists with a high rate 
of malposition. Although most anesthesia providers do not 
place these catheters themselves, it is extremely important 
to evaluate the location of umbilical venous catheters before 
usage in the operating room because infusion of fluids and 
medications through a malpositioned catheter may lead to 
life-threatening consequences.

The umbilical cord contains one umbilical vein and 
two umbilical arteries. The umbilical vein has thinner 
walls than the arteries, is usually located in the 12 o’clock 
position, and generally remains patent for the first week 
of life. The course of the umbilical vein begins at the umbi-
licus and ends at the liver edge, where the vein widens into 
an umbilical vein/portal vein confluence. This confluence 
connects to intrahepatic branches of the left portal vein 
and also to the ductus venosus. The ductus venosus travels 
superiorly and joins with the hepatic vein, which enters 
the inferior vena cava at the level of T8-T10.

Indications for placement of an umbilical venous cathe-
ter include the following: emergency access for medications 
in the delivery room, access for daily fluids/medications and 
blood draws in the intensive care unit, long-term access for 
low birth weight infants, exchange transfusion, and cen-
tral venous pressure monitoring. Absolute contraindica-
tions include omphalocele, omphalocitis, nectrotizing 
enterocolitis, and peritonitis (Answer A).

Placement of the umbilical venous catheter should 
be performed under sterile conditions. A  3.5 or 5 French 
catheter is selected based on neonate size. The catheter is 
advanced under sterile conditions through (sequentially) 
the umbilical vein, the ductus venosus, and finally the 
inferior vena cava. The appropriate location of the catheter 
tip is at the junction of the inferior vena cava and the right 
atrium (Answer B). If resistance is met during placement, 
this may indicate that the catheter is in the portal system, 
has entered an intrahepatic branch of the portal vein, or 
that the ductus venosus may already be closed. The ductus 
venosus is usually patent for 5–7 days after birth (Answer 
C). In this situation the catheter should be pulled back into 
the umbilical vein to avoid direct administration of hyper-
osmolar or sclerosing medications into the portal venous 
system. The catheter then may be used for emergency medi-
cations and exchange transfusion only (Answer D). After 
placement of any umbilical venous catheter, a chest radio-
graph is necessary to confirm catheter tip location.

A feared complication of umbilical venous catheteriza-
tion is placement of the tip of the catheter in an intrahe-
patic portal venous location. Infusion of hyperosmolar 
or sclerosing solutions may lead to portal necrosis and 
eventual cirrhosis. Other complications of umbilical 
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venous catheter usage include portal thrombosis, infec-
tion, endocarditis, portal hypertension, pericardial 
effusion and tamponade, liver abscess, and systemic 
emboli.

K E Y FAC T S

• The umbilical cord contains one umbilical vein and two 
umbilical arteries.

• The umbilical vein is thinner walled than the arteries, is 
at a 12 o’clock position, and remains patent for the first 
week of life.

• Absolute contraindications for an umbilical vein 
catheter include omphalocele, omphalocitis, nectrotizing 
enterocolitis, and peritonitis.

• The catheter is advanced sequentially through the 
umbilical vein, the ductus venosus, and finally the 
inferior vena cava.

• Avoid leaving the tip of umbilical venous catheter in the 
intrahepatic portal venous system.

R E F E R E N C E S

Cote CJ. A Practice of Anesthesia for Infants and Children. 4th ed. 
Philadelphia, PA: Saunders; 2009.

MacDonald MG. Atlas of Procedures in Neonatology. 5th ed. 
Philadelphia, PA: Lippincott Williams and Wilkins; 2013.

7. ANSWER: C

Caudal epidural anesthesia is the neuraxial technique 
used with highest frequency in children who require pro-
cedures below the level of the umbilicus. Single-shot or 
continuous techniques may be employed. Continuous 
techniques involve entrance of the epidural catheter at the 
sacrum and threading of the catheter to appropriate der-
matome height. Knowledge of pediatric sacral anatomy is 
paramount to mastering both techniques.

The sacrum is a triangular structure that consists of 
five fused sacral vertebrae in the adult. During infancy and 
childhood the sacral vertebrae are not yet fused and instead 
are connected by hyaline cartilage. Fusion of the verte-
brae begins during the 20th year of life (Answer B). The 
sacrum articulates with the coccyx inferiorly, the L5 verte-
bra superiorly, and the ilium bilaterally. In adults, the angle 
between the sacrum and L5 vertebrae is 130–160 degrees, 
and this contributes to significant lordosis. Infants have 
decreased lumbar lordosis compared to adults and also 
less epidural fibrosis than adults (Answer D). In infants, 
the sacrum is narrower and flatter than in adults and struc-
turally less variable.

The sacral cornua and the posterior superior iliac 
spines are the anatomical surface landmarks used 

during caudal anesthesia (Answer A). Together they form 
an equilateral triangle with the apex pointing to the 
sacral hiatus. The sacral hiatus results from the absence 
of the laminae and spinous processes of the S5 and some-
times S4 vertebrae. The sacral hiatus is the entrance to the 
sacral canal. The sacral canal contains fat, connective tissue, 
the filum terminale, the dural sac that contains the cauda 
equina, and epidural vessels. In the neonate, the dural sac 
ends at the S3-S4 vertebral level (Answer C). By 1 year of 
age, the dural sac arrives at its adult position of S1-S2. 
One important difference between the adult and neonate 
during caudal anesthesia is that the approach to the sub-
acrachnoid space from the sacral hiatus is more direct in 
neonates than in adults. Therefore, dural puncture is more 
frequent during epidural injection of neonates and infants.

Performance of caudal anesthesia begins with place-
ment of the patient in lateral decubitus or prone position 
after sedation or general anesthesia has been instituted. The 
patient is prepped and draped sterilely. The posterior supe-
rior iliac spines and sacral cornua are palpated. Using these 
landmarks, the sacral hiatus is identified. The appropriate 
needle (depending on technique employed) is advanced 
through the subcutaneous tissue at a 45- to 75-degree angle 
until the needle “pops” through the sacrococcygeal liga-
ment and into the sacral canal. The needle should then be 
advanced several millimeters into the sacral canal; how-
ever, care should be taken to not advance it too far because 
this may puncture the dural sac. Aspiration is performed 
for cerebrospinal fluid and blood. If aspiration is nega-
tive, a test dose is administered. Once a negative test dose 
is confirmed, local anesthetic can be injected directly into 
the epidural space. If a continuous epidural catheter will 
be placed, the catheter may be threaded to the appropriate 
location after a confirmed negative aspiration. A test dose is 
then performed through the catheter.

Sites of misplacement of the needle during caudal 
anesthesia include the following: subperiosteum, bone 
marrow, posterior sacral ligaments, into a false hiatus, 
the anterior sacral wall and possibly pelvis, or into a lat-
eral foramen.

K E Y FAC T S

• The sacrum is a triangular structure that consists of five 
fused sacral vertebrae.

• During infancy and childhood the sacral vertebrae are 
not yet fused; they are connected by hyaline cartilage.

• Fusion of the vertebrae begins during the 20th year 
of life.

• The sacral hiatus results from the absence of the laminae 
and spinous processes of the S5 and sometimes S4 
vertebrae.

• Landmarks of caudal anatomy are sacral cornua and the 
posterior superior iliac spines, which form an equilateral 
triangle with the apex pointing to the sacral hiatus.
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8. ANSWER: C

There are several fundamental differences between the 
adult and pediatric airway that are important to the prac-
tice of pediatric anesthesiology. These differences are based 
on physical alterations of anatomic structures that define 
the airway—the tongue, epiglottis, laryngeal inlet, and 
subglottis.

The infantile tongue is large in proportion to the oro-
pharynx and has a tendency to fall backward and obstruct 
the laryngeal inlet during mask ventilation.

The shape of the epiglottis in the infant is described 
as narrow, omega-shaped, firm, and angled away from 
the axis of the trachea (Answer A). The adult epiglottis, 
however, is more often flat, broad, and floppy, and it is often 
angled parallel to the trachea.

The location of the larynx differs greatly from preterm 
neonate to term infant to adult. In the preterm neonate, 
the glottic opening is located at mid-C3 vertebral level 
(Answer D). In the full-term infant, the glottic opening 
is located at the C3-C4 vertebral interspace. In the adult, 
the larynx is found at the C4-C5 vertebral interspace. 
The anesthetic implications of a superior laryngeal posi-
tion are great. With a cephalad position, a more acute angle 
exists between the plane of the tongue and the plane of the 
laryngeal inlet, thus making direct laryngoscopy more chal-
lenging (Answer C). The higher location of the laryngeal 
inlet in the premature neonate or term infant also leads to 
further glottic obstruction by the large infant tongue.

There are observed differences in the subglottic struc-
tures between adults and infants. Studies using MRI, CT 
scanning, and autopsy reports reveal that the narrowest 
portion of the pediatric airway is located immediately 
subglottic, at the cricoid cartilage. Therefore, the pediat-
ric airway is described as “funnel shaped.” The cricoid car-
tilage is the only complete ring of cartilage to encircle 
any part of the airway (Answer B), and thus it is subject to 
significant compression by ill-fitting endotracheal tubes. 
Compression of tracheal mucosa at this level can lead to sig-
nificant edema, hyperemia, and mucosal damage. Resultant 
edema can narrow the already physiologically reduced 
subglottic area even further. The resistance produced by 
the pathological narrowing is equivalent to the inverse of 
the radius. In infants with a smaller anatomical subglottic 
radius, the increase in resistance is devastating and can lead 

to post-extubation croup. Therefore, the choice of an endo-
tracheal tube with the appropriate diameter is essential in 
the pediatric population.

K E Y FAC T S

• The infantile tongue is large.
• The shape of the epiglottis in the infant is described as 

narrow, omega shaped, firm, and angled away from the 
axis of the trachea.

• In the preterm neonate the glottic opening is located at 
mid-C3 vertebral level.

• In the full-term infant, the glottic opening is located at 
the C3-C4 vertebral interspace.

• In adults, the larynx is located at the C4-C5 vertebral 
interspace.
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9. ANSWER: D

Inguinal nerve blocks are useful in patients undergoing 
procedures involving the groin and inguinal canal in par-
ticular. These blocks can be used as the primary anesthetic 
in adult inguinal hernia procedures. In pediatric patients, 
inguinal blocks are commonly used for postoperative pain 
control and are placed under general anesthesia.

Anesthesia of the inguinal region is obtained by block-
ade of the ilioinguinal and iliohypogastric nerves. Both 
the ilioinguinal and iliohypogastric nerves arise from 
the lumbar plexus and consist of fibers from the ventral 
rami of the L1 spinal nerve root (Answers A and C). The 
nerve then descends anterior to the quadratus lumborum 
muscle and iliacus muscles (Answer B).

Superomedial to the anterior superior iliac spine, both 
the ilioinguinal and iliohypogastric nerves pierce the trans-
versus abdominus muscle and run between the internal 
oblique and the transversus abdominus. The nerves then 
run inferomedially and pierce the internal oblique and 
external oblique. Both nerves supply motor innervation to 
the internal oblique and transversus abdominus muscles 
(Answer D). The iliohypogastric nerve provides cutaneous 
sensation over the inguinal crease; the ilioinguinal nerve 
provides cutaneous sensation to the medial thigh and lat-
eral scrotum/mons pubis.

The block is performed by first identifying the ante-
rior superior iliac spine (ASIS). A  mark is drawn 2  cm 
medial and superior to the ASIS. This will be the site of 
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insertion of the needle. After sterile prep and drape, a blunt 
needle is then introduced at a 45-degree angle to the skin 
and advanced cephalad through the external oblique (first 
pop) and then through the internal oblique (second pop). 
Local anesthetic is injected deep to the external and inter-
nal oblique in 1–2 mL aliquots after negative aspiration. The 
needle is then successively redirected and fanned first medi-
ally and then laterally in a similar fashion. Complications 
include local anesthetic toxicity and bowel perforation.

K E Y FAC T S

• Inguinal nerve blocks are useful in patients undergoing 
procedures involving the groin and inguinal canal.

• Both the ilioinguinal and iliohypogastric nerves arise 
from the lumbar plexus and consist of fibers from the 
ventral rami of the L1 spinal nerve root.

• The ilioinguinal and iliohypogastric nerves supply motor 
innervation to the internal oblique and transversus 
abdominus muscles.

• The iliohypogastric nerve provides cutaneous sensation 
over the inguinal crease.

• The ilioinguinal nerve provides cutaneous sensation to 
the medial thigh and lateral scrotum/mons pubis.

• Complications include local anesthetic toxicity and 
bowel perforation.
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10. ANSWER: C

The first cannulation of an umbilical artery was in the 
1950s by Dr. Virginia Apgar. This technique has become a 
common method of arterial access in the neonate because 
the umbilical artery is a convenient site. Umbilical arterial 
catheters (UACs) are used mainly for the purpose of arte-
rial blood pressure monitoring and arterial blood sampling. 
They can also be used in emergency situations for the admin-
istration of medications and for exchange transfusion.

Contraindications to the placement of an umbilical 
arterial catheter include the following:  peritonitis, nec-
rotizing enterocolitis, omphalocele, omphalitis, acute 
abdomen, and local vascular compromise in the lower 
limbs or buttocks.

Technique: Prepare and drape the umbilical stump and 
abdomen in sterile fashion. Cut the cord 1  cm above the 
umbilicus. Identify the two umbilical arteries—the vessels 
are thicker walled and are smaller than the vein. Cephalad 
traction is applied to the umbilical stump to aid in passage of 
the catheter. Dilation of the vessel is suggested by some texts. 
The catheter is then gently introduced into the artery (for-
ceps may help). Aspiration confirms intraluminal placement. 
X-ray or ultrasound confirms tip location. Proper location of 
the catheter tip is extremely important in reducing complica-
tions. The umbilical artery is a direct continuation of the 
internal iliac arteries. Usually the catheter will pass into the 
aorta from the umbilical artery; however, it can occasionally 
pass into the femoral artery from the external iliac artery or 
into the gluteal arteries. These are inappropriate locations and 
can lead to thrombosis and loss of the extremity. The catheter 
can also be placed too high in the aorta and pass through the 
ductus arteriosus and into the pulmonary artery, making for 
misleading blood gas sampling.

Two catheter tip locations in the descending aorta have 
been evaluated and studied—the high position (T7-T9) 
and the low position (L3-L4). High positions have been 
found by several studies to have an overall lower inci-
dence of vascular complications. The low position is dif-
ficult to maintain and may lead to malposition in the iliac 
arteries.

There are many complications related to placement of 
an umbilical arterial catheter. The complications are broken 
down into four groups: malposition, vascular accidents, 
equipment-related errors, and other complications.

Malpositioning errors include the following:  perito-
neal perforation, vessel perforation, false aneurysm, sciatic 
nerve palsy, misdirection of catheter into external/internal 
iliac artery, and hypoglycemia with catheter tip opposite 
celiac axis. Vessel perforation is often associated with resis-
tance during placement, loss of blood return, and hypoten-
sion subsequent to the procedure (Answers A and D).

Vascular accidents include thrombosis, embolism, 
vasospasm, and air embolism. Thromboembolic com-
plications of UAC placement most often occur days 
to weeks after placement of the catheter (Answer B). 
Embolism may occur to the lower extremity or buttocks 
and may lead to the loss of a limb. Embolization can also 
occur to the renal vasculature. This often results in sudden 
hypertension in the newborn. Infarction of the kidney may 
occur. Thrombosis of the aorta leads to an elevated afterload 
state that puts increased pressure on the developing heart. 
This may lead to congestive heart failure in the newborn. 
Vasospasm is a common complication of UAC placement. 
Vasospasm is often seen within minutes to hours after 
placement and presents as blanching of the buttocks or 
lower extremity (Answer C).

Equipment-related complications include transec-
tion of the catheter, breaking of the catheter, electrical haz-
ard, and disconnection of the tubing.
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Other complications include infection, necrotizing 
enterocolitis, cotton fiber embolus, Wharton jelly embolus, 
bladder injury, factitious hypernatremia, paraplegia, and 
sciatic nerve palsy.

K E Y FAC T S

• UACs are used for arterial blood pressure monitoring 
and arterial blood sampling, emergency administration 
of medications, and for exchange transfusion.

• Contraindications include peritonitis, necrotizing 
enterocolitis, omphalocele, omphalitis, acute abdomen, 
and local vascular compromise in the lower limbs or 
buttocks.

• The umbilical artery is a direct continuation of the 
internal iliac arteries.

• High positions (T7-T9) have been found by several 
studies to have an overall lower incidence of vascular 
complications.

• Complications include malposition, vascular accidents, 
and equipment- related errors.

• Thromboembolic complications of UAC placement 
most often occur days to weeks after placement.

• Vasospasm is often seen within minutes to hours after 
placement and presents as blanching of the buttocks or 
lower extremity.
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11. ANSWER: D

Percutaneous needle cricothyrotomy uses the Seldinger 
technique for vascular access to obtain entry to the air-
way in emergency situations. This procedure is part of the 
difficult airway algorithm when mask ventilation and intu-
bation are not possible.

The basic procedure is performed by first placing the 
patient in the supine position with the head extended. This 
can be accomplished by placing a rolled towel under the 
patient’s shoulders. This position allows palpation of the 
cricothyroid membrane and moves vital structures away 
from the midline. Assuming right-hand dominance, the 
left index finger is used to palpate the cricothyroid mem-
brane. In an infant, this space is only 1 mm in size. Once 
the cricothyroid membrane is found, the left middle fin-
ger and thumb are used to stabilize the trachea for needle 
advancement. Using the right hand, an intravenous cath-
eter attached to a syringe is then inserted through the 

cricothyroid membrane. During insertion, aspiration of 
air is performed. Once air is aspirated, the catheter is slid 
off the needle and the needle is discarded. A 3 mm adapter 
from a pediatric endotracheal tube can be attached to the 
catheter and passive oxygenation or ventilation can be ini-
tiated. It must be remembered that percutaneous needle 
cricothyrotomy may not allow for adequate ventilation 
(depending on catheter size), and that passive oxygen-
ation may only be performed in certain situations. If jet 
ventilation is used, there is a high likelihood of barotraumas 
if proper precautions are not taken.

A standard 12- or 14-gauge angiocatheter can be used to 
perform the procedure. There are also multiple commercial 
kits available for pediatric patients. These kits include dif-
ferent specialized needles, guidewires, dilators, and endo-
tracheal tube connectors. Some specialized needles come 
with plastic stoppers to limit the depth of needle insertion 
to prevent puncture of the posterior tracheal wall. Other 
kits include needles with dilators large enough to permit 
3.0–5.0 ID tracheostomy tubes.

Complications of percutaneous needle cricothy-
rotomy include puncture of the carotid, internal and 
external jugular, posterior wall of the trachea, and 
esophagus.

In 1992, the American Heart Association recom-
mended percutaneous needle cricothyrotomy over surgi-
cal cricothyrotomy as the method to obtain an emergency 
airway. Reasons for this decision include the belief that 
the procedure has the advantages of increased safety 
and shorter procedural time with similar success rates 
of surgical cricothyrotomy. Several studies were per-
formed looking at the success rates of the two procedures 
in adults. The results showed there was no statistical dif-
ference between success rates of percutaneous needle cri-
cothyrotomy and surgical cricothyrotomy (Answer B). 
Practitioners were surveyed and preferred the percutane-
ous method because it included techniques that even non-
surgical practitioners were more familiar with (Answer 
D). Also, it is believed that percutaneous procedure may 
cause less tissue injury and avoid complications of surgical 
cricothyrotomy (Answer A). Complications of surgical 
cricothyrotomy include injury to the carotid, inter-
nal jugular, cricoid and thyroid cartilage, laryngeal 
stenosis, and permanent speech disruption. Finally, 
it was found that most practitioners could perform per-
cutaneous cricothyrotomy more rapidly than surgical 
cricothyrotomy.

K E Y FAC T S

• Percutaneous needle cricothyrotomy uses the Seldinger 
technique for vascular access to obtain entry to the 
airway in emergency situations.

• Percutaneous cricothyrotomy is the preferred technique 
to obtain a surgical airway.

 

 

 

 

 

https://kat.cr/user/Blink99/



14  •   BasIc scIence

• Complications of percutaneous needle cricothyrotomy 
include puncture of the carotid, internal and external 
jugular, posterior wall of the trachea, and esophagus.

• Complications of surgical cricothyrotomy include injury 
to the carotid, internal jugular, cricoid and thyroid 
cartilage, laryngeal stenosis, and permanent speech 
disruption.

R E F E R E N C E S
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12. ANSWER: B

Peripheral nerve blocks performed at the elbow can create 
surgical anesthesia for procedures on the forearm and wrist. 
These blocks can also create surgical anesthesia for proce-
dures on the hand; however, a wrist block may be more help-
ful and specific. Blocks that are performed at the elbow are 
also commonly used as rescue blocks to supplement incom-
plete surgical anesthesia of a brachial plexus nerve block.

The three main nerves to the forearm and hand can be 
blocked at the elbow: the radial nerve, median nerve, and 
ulnar nerve. They can be localized by peripheral nerve stim-
ulation or ultrasound.

Blockade of the ulnar nerve (Answer A) at the elbow 
produces anesthesia of dorsal and ventral surface of the medial 
side of the hand and the fourth and fifth digit. Blockade of 
the ulnar nerve will also lead to loss of ulnar deviation and 
inability to flex the fourth and fifth fingers. In the elbow, 
the nerve is located between the medial epicondyle of the 
humerus and the olecranon process of the ulna. The nerve 
is easily identified at this location, as it is only covered by skin. 
Technique: The elbow is flexed, the ulnar groove is palpated, 
and a 27-gauge needle is advanced perpendicular to the skin 
along the nerve. Local anesthetic is injected (2–5 mL).

Blockade of the median nerve (Answer C) at the elbow 
produces anesthesia of the ventral medial surface of the 
palm, including the thumb and digits 2–4. It also produces 
anesthesia of the dorsal surface of the distal third of fingers 
2–4. Loss of flexion at all metacarpophalangeal joints and 
extension of the interphalangeal joints of digits 2–3 is char-
acteristic of median nerve block. The nerve also is respon-
sible for opposition of the thumb and pronation and flexion 
of the wrist. Technique: The arm is first abducted and supi-
nated. A marking is made along the intercondylar line 
between the medial and lateral epicondyles on the ante-
rior aspect of the elbow. The brachial artery is identified 
along this line and a mark is made 1 cm medial from the 

brachial artery. The needle is advanced perpendicularly to 
the skin (can be done under ultrasound guidance), taking 
care not to enter the brachial artery. After negative aspira-
tion, 2–5 mL of local anesthetic is injected.

Blockade of the radial nerve (Answer B) at the elbow 
produces anesthesia of the dorsal surface of the forearm 
and lateral hand. It also produces anesthesia of the dorsal 
surface of the proximal two-thirds of the lateral 3½ digits. 
Loss of extension of the wrist and lateral fingers is character-
istic of radial nerve block. Technique: The arm is abducted 
and supinated. A line is drawn on the ventral surface of the 
elbow along the intercondylar line between the medial 
and lateral epicondyles of the humerus. The biceps tendon 
is located. A  mark is placed 1–2  cm lateral to the biceps 
tendon. A  27-gauge needle is advanced (with or without 
ultrasound guidance) perpendicularly to the skin. After 
negative aspiration, 2–5 mL of local anesthetic is injected.

The musculocutaneous nerve is blocked in the upper 
arm and not at the elbow (Answer D).

K E Y FAC T S

• The ulnar nerve at the elbow produces anesthesia of 
dorsal and ventral surface of the medial side of the hand 
and the fourth and fifth digit. Location of the nerve is 
between the medial epicondyle of the humerus and the 
olecranon process of the ulna.

• The median nerve at the elbow produces anesthesia of 
the ventral medial surface of the palm, including the 
thumb and digits 2–4. It also produces anesthesia of 
the dorsal surface of the distal third of fingers 2–4. The 
nerve is blocked 1cm medial from the brachial artery 
along the intercondylar line between the medial and 
lateral epicondyles on the anterior aspect of the elbow.

• The radial nerve at the elbow produces anesthesia of 
the dorsal surface of the forearm and lateral hand. It 
also produces anesthesia of the dorsal surface of the 
proximal two-thirds of the lateral 3½ digits. The nerve 
is blocked 1–2 cm lateral to the biceps tendon from 
the intercondylar line between the medial and lateral 
epicondyles of the humerus.

R E F E R E N C E S
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13. ANSWER: A

The fascia iliaca compartment block is a commonly 
used peripheral nerve block for children undergoing 
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lower-extremity surgery. It is a modification of the femoral 
nerve block and is distinct from the “3 in 1” nerve block ini-
tially described by Winnie et al. in 1973. The fascia iliaca 
compartment block has the same lumbar plexus targets 
as the “3 in 1” nerve block—the femoral nerve, obtura-
tor nerve, and lateral femoral cutaneous nerve (Answer 
C). However, it is performed in a more lateral position with 
respect to the femoral artery, and it aims to disperse local 
anesthetic throughout the facial compartment formed by 
the fascia iliaca (interiorly), iliacus muscle (posteriorly), 
iliac crest (laterally), and the sacrum (medially). Because 
the block is performed further laterally than the “3 in 1” 
block, it is postulated that local anesthetic injection into 
the femoral artery is less common with the fascia iliaca 
compartment block.

Adult and pediatric studies comparing the fascia iliaca 
compartment block to the conventional “3 in 1” nerve block 
have shown that the fascia iliaca compartment block more 
consistently leads to surgical anesthesia of all three nerves. 
Previous studies of the “3 in 1” block reported inconsistent 
obturator nerve blockade. The fascia iliaca block has also 
been found to be more reliable in pediatric patients versus 
adult patients.

The fascia iliaca nerve block is indicated for anterior 
thigh procedures, hip procedures, and knee procedures.

The fascia iliaca block can be performed with a blind 
technique or using ultrasound guidance. The blind tech-
nique or “double pop” technique is performed more com-
monly in adults. During this technique, a line is drawn 
from the pubic tubercle to the anterior superior iliac spine. 
A  mark is then made corresponding to the intersection 
of the lateral third of this line and a point 2 cm distal to 
the line. This is the site of injection. The needle is then 
advanced at an angle of 75 degrees until two “pops” or losses 
of resistance are felt. Loss of resistance occurs when pass-
ing through the fascia lata and the fascia iliaca. After nega-
tive aspiration, a large volume of local anesthetic is injected 
(abiding to local anesthetic dosing guidelines for toxicity). 
During ultrasound guidance, the needle is advanced with 
the tip of the needle aiming for the space between the fascia 
iliaca and the iliacus muscle. The goal is for local anesthetic 
deposition between these two structures. During a success-
ful block, the local anesthetic is seen to move both laterally 
and medially in the fascial plane.

The iliohypogastric nerve block is combined with 
a nerve block of the ilioinguinal nerve often for pro-
cedures such as hernia repair, orchidopexy, or hydro-
cele surgery. This block provides anesthesia to the lower 
abdominal wall, groin, and root of the penis/mons pubis. 
The obturator nerve provides sensation to the medial 
thigh and motor innervation of the adductor muscles of 
the thigh. Blockade of the obturator nerve is usually com-
bined with femoral and lateral femoral cutaneous nerve 
blocks in either the fascia iliaca block or the “3 in 1” block 
for procedures of the anterior and medial thigh. The lateral 

femoral cutaneous nerve provides sensation to the lat-
eral aspect of the thigh. Blockade of this nerve alone can 
be used to diagnose and treat meralgia paresthetica. The lat-
eral femoral cutaneous nerve is also blocked in combination 
with the femoral or sciatic nerve for procedures of the knee 
and to treat tourniquet pain. The femoral nerve provides 
sensation to the anterior thigh, knee, and medial calf. It 
provides motor innervation to muscles in the anterior thigh 
responsible for knee extension. This nerve can be blocked 
for procedures on the anterior thigh. It is commonly used 
in femoral shaft fractures in children.

K E Y FAC T S

• The fascia iliaca compartment block involves blockade of 
the femoral nerve, obturator nerve, and lateral femoral 
cutaneous nerve.

• The fascia iliaca nerve block is indicated for anterior 
thigh procedures, hip procedures, and knee procedures.

• The iliohypogastric nerve block is often combined with a 
nerve block of the ilioinguinal nerve for procedures such 
as hernia repair, orchidopexy, or hydrocele surgery.

• The obturator nerve provides sensation to the medial 
thigh and motor innervation of the adductor muscles of 
the thigh.

• The lateral femoral cutaneous nerve provides sensation 
to the lateral aspect of the thigh.

• The femoral nerve provides sensation to the anterior 
thigh, knee, and medial calf.

R E F E R E N C E S
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14. ANSWER: C

Intraosseous infusion was first described in 1922. Its use 
in children became popular in the 1940s. Intraosseous 
infusion fell out of favor in the 1950s–1960s when dis-
posable intravenous catheters were developed and tech-
niques for intravenous catheter insertion improved. In 
the 1980s, multiple reports were published describing 
intraosseous infusion efficacy in the pediatric popula-
tion. Intraosseous infusion is currently endorsed by both 
Pediatric Advanced Life Support (PALS) and Advanced 
Cardiac Life Support (ACLS) as a route for emergency 
fluid and drug administration when peripheral venous 
access fails (Answer D).
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The bone marrow of long bones contains veins that 
drain the medullary sinuses. These veins drain into 
major veins of the lower and upper extremity and do not 
collapse in shock states. Therefore, placement of a cath-
eter in one of these veins is readily performed and can 
lead to the delivery of emergency fluids and medications 
into large peripheral veins. Common sites for intraosse-
ous insertion include the tibia, femur, humerus, and 
sternum.

Contraindications to placement of an intraosseous line 
include long bone fracture, vascular injury to the chose 
extremity, prior orthopedic procedure on the chosen 
extremity, cellulitis, and prior insertion of intraosseous 
line in the chosen extremity within a period of 24 hours 
(Answer C).

Intraosseous lines can be placed by manual insertion 
techniques, battery-powered drivers, or impact-driven 
devices (such as a bone injection gun). The technique for 
manual placement of a tibial intraosseous line will be 
discussed here:

1. Sterile prep of the tibia should be performed.
2. Palpate the tibial tuberosity.
3. Locate a point on the medical surface of the 

tibia that is 1–2 cm below and medial to the 
tibial tuberosity. This should be the site of needle 
puncture.

4. Using a short needle with a stylet (to prevent bone 
migration into the needle), puncture the mantle 
of the tibia at a 75-degree angle directed toward 
the feet. The angle is chosen to avoid injury to the 
epiphyseal plate.

5. Proper location is determined when there is loss of 
resistance upon entering the marrow.

6. Remove the stylet and connect the needle to an 
infusion line. Fluids show flow freely without 
extravasation.

7. Stabilize the needle. Some needles come with 
stabilization devices.

8. Observe for extravasation during entire use of 
intraosseous infusion line.

Complications of intraosseous infusion include 
cellulitis, fracture, abscess, and osteomyelitis. These 
complications have been reported in less than 1% of 
cases. Other complications include extravasation and 
compartment syndrome. Intraosseous lines, when placed 
properly, are not associated with bone growth defects later 
in life.

K E Y FAC T S

• Intraosseous insertion is endorsed by both PALS 
and ACLS as a route for emergency fluid and drug 
administration when peripheral venous access fails.

• Common sites for intraosseous insertion include the 
tibia, femur, humerus, and sternum.

• Contraindications to placement of an intraosseous line 
include long bone fracture, vascular injury to the chosen 
extremity, prior orthopedic procedure on the chosen 
extremity, cellulitis, and prior insertion of intraosseous 
within a period of 24 hours.

R E F E R E N C E S

Bailey P. Intraosseous infusion. Available at:  http://www.uptodate.
com/contents/intraosseous-infusion. Accessed June 2, 2014.

Cote CJ. A Practice of Anesthesia for Infants and Children. 4th ed. 
Philadelphia, PA: Saunders; 2009:1057.

Rosenberg H, Cheung WJ. Intraosseous access. CMAJ. 2013;185(5): 
E238.

15. ANSWER: C

The ductus arteriosus is a vascular structure that connects 
the proximal descending aorta to the roof of the left pul-
monary artery. This connection diverts blood from the 
right ventricle away from the lungs in the fetal state. At 
birth, elevated oxygen tension leads to gradual constriction 
of the medial smooth muscle layer of the ductus arteriosus. 
Functional closure usually occurs within the first 2 days 
of life. Persistent patency of the ductus arteriosus may also 
occur. Risk factors include prematurity, genetic disor-
ders, infection, and congenital cardiac disorders. In 
healthy infants <48 hours old and in cases of persistent duc-
tus arteriosus, a transitional circulation is present. During 
this time the ductus arteriosus is partially to fully patent 
and will allow shunting of blood from left to right or right 
to left, depending on pulmonary versus systemic pressures.

The location of arterial line placement in infants with 
suspected patent ductus arteriosus is important. A  pre-
ductal versus postductal placement may be advantageous 
to evaluate for intraoperative cardiac shunting. The exact 
location of the ductus arteriosus has been described as dis-
tal to the left subclavian takeoff, although this location may 
be variable depending on right- versus left-sided aortic arch 
and congenital cardiac anomalies. Studies have also been 
performed using pulse oximetry in neonates with patent 
ductus arteriosus demonstrating no difference in SpO

2
 in 

the left upper extremity versus the right upper extremity.
Preductal arteries include the right subclavian, right 

common carotid, and left common carotid. Therefore, 
preductal arterial puncture sites include the right radial 
artery, right brachiocephalic artery, right axillary 
artery, right subclavian artery, right temporal artery, 
and left temporal artery.

The radial artery is the most common site of arterial 
pressure monitoring. Complications from its use include 
thrombosis, embolic phenomena, vasospasm, ischemia, and 
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infection. A modified Allen test is suggested prior to inser-
tion of a radial arterial line.

Brachiocephalic, subclavian, and axillary arterial pres-
sure monitoring are rare in the neonate, and they are often 
used when the radial artery is unable to be cannulated. 
Complications include pseudoaneurysm formation, throm-
bosis formation, ischemia of the limb, infection, and bra-
chial plexus nerve injury (subclavian and axillary artery 
placement).

Temporal arterial pressure monitoring may be used when 
radial arterial monitoring is unavailable. Cerebral infarc-
tion has been described with this technique. Infarction is 
related to retrograde embolization of air or blood clot.

K E Y FAC T S

• The ductus arteriosus is a vascular structure that 
connects the proximal descending aorta to the roof of 
the left pulmonary artery.

• Functional closure usually occurs within the first 2 days 
of life.

• Risk factors for delayed closure include prematurity, 
genetic disorders, infection, and congenital cardiac 
disorders.

• Preductal arteries include the right subclavian, right 
common carotid, and left common carotid. Therefore, 
preductal arterial puncture sites include the right radial 
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Figure 1.1 Course of the fetal circulation in late gestation. Notice the selective blood flow patterns across the foramen ovale and the ductus 
arteriosus. (From Greeley WJ, Berkowitz DH, Nathan AT. Anesthesia for pediatric cardiac surgery. In: Miller RD, ed. Anesthesia. 7th ed. 
Philadelphia, PA: Churchill Livingstone; 2010:2599–2652.)
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artery, right brachiocephalic artery, right axillary artery, 
right subclavian artery, right temporal artery, and left 
temporal artery.

R E F E R E N C E S

Cote CJ. A Practice of Anesthesia for Infants and Children. 4th ed. 
Philadelphia, PA: Saunders; 2009:1061–3.

Ruegger C, Bucher HU, Mieth RA. Pulse oximetry in the newborn: is 
the left hand pre- or postductal? BMC Pediatrics. 2010;10:35.

Scheer BV, Perel A, Pfeiffer UJ. Clinical review: complications and risk 
factors of peripheral arterial catheters used for haemodynamic in the 
anaesthesia and intensive care unit. Crit Care. 2002;6(3):199–204.

Schneider CJ, Moore JW. Patent ductus arteriosus. Circulation. 
2006;114:1873–82.

16. ANSWER: C

The pudendal nerve is a mixed motor and sensory nerve 
that provides sensation of the penis/clitoris, scrotum/
vulva, perineum, and anus. The pudendal nerve is derived 
from the ventral rami of the S2-S4 spinal segments (Answer 
B). After the nerve roots combine, the pudendal nerve 
leaves the pelvis through the greater sciatic foramen. It then 
reenters the pelvis via the lesser sciatic foramen and travels 
through the pudendal canal (a sheath of obturator fascia). In 
the pudendal canal, the nerve divides into the inferior rectal 
nerve, perineal nerve, and dorsal nerve of the penis/clitoris.

The distal two-thirds of the penis derives its com-
plete innervation from paired dorsal penile nerves. The 
dorsal penile nerve divides into two branches that sepa-
rate at the level of the pubic symphysis (Answer C). These 
branches then run laterally to the dorsal penile artery and 
terminate in the glans penis. The root of the penis and the 
proximal one-third of the penis have shared innervated 
by both the dorsal penile nerve and the ilioinguinal 
nerve (Answer D). Therefore, any procedures performed 
on the proximal shaft or penoscrotal hypospadia repairs 
require caudal anesthesia.

The perineal nerve is a branch of the pudendal nerve; 
however, its fibers separate early from the pudendal nerve 
during its course through the pudendal canal. The perineal 
nerve fibers do not contribute to innervation of the penis 
(Answer A).

K E Y FAC T S

• The pudendal nerve is a mixed motor and sensory nerve 
that provides sensation of the penis/clitoris, scrotum/
vulva, perineum, and anus.

• The distal two-thirds of the penis receives its complete 
innervation from paired dorsal penile nerves.

• The dorsal penile nerve divides into two branches that 
separate at the level of the pubic symphysis.

R E F E R E N C E S

Cote CJ. A Practice of Anesthesia for Infants and Children. 4th ed. 
Philadelphia, PA: Saunders; 2009:891–2.

Moore KL, Dalley AF. Clinically Oriented Anatomy. 4th ed. 
Philadelphia, PA: Lippincott Williams and Wilkins; 1999:406–17.

Wolff BG, Fleshman JW, Beck DE, et al., eds. The ASCRS Textbook of 
Colon and Rectal Surgery. New York, NY: Springer; 2007.

17. ANSWER: A

The paravertebral space is a triangular “potential space” 
that exists on either side of the vertebrae between the ver-
tebral body, parietal pleura, and the transverse process. The 
borders of the paravertebral space are (1) anterolateral—the 
parietal pleura, (2)  medial—the vertebral body and intra-
vertebral disc, and (3) posterior—the transverse process and 
costotransverse ligament (Answer C).

The paravertebral space is continuous from T1 to 
T12. This space allows the spread of local anesthetic crani-
ally and caudally from a single injection site, and it allows 
the passage of a catheter. Inferior to T12, the space is sealed 
off by the origin of the psoas muscle, which attaches to the 
vertebral body and transverse process. A paravertebral 
block can still be performed in the cervical and lumbar 
region; however, each individual space must be blocked 
separately (Answers B and D). Superior to T1, the para-
vertebral space may communicate with fascial planes in 
the neck.

The paravertebral space is continuous with the epi-
dural space medially and the intercostal space laterally. 
There is controversy about whether the paravertebral space 
communicates to the contralateral side via the prevertebral 
fascia because the fascia is tightly connected to the vertebral 
body with limited case reports of contralateral spread along 
the prevertebral fascia.

The paravertebral space contains many important neu-
rovascular structures. After the thoracic spinal nerve roots 
leave the intervertebral foramen, they divide into dorsal and 
ventral rami. The dorsal rami supply the paravertebral mus-
cles and skin of the back, and the ventral rami continue as 
intercostal nerves. Both the dorsal and ventral rami are pres-
ent in the paravertebral space. Also present in this potential 
space are the sympathetic chain ganglia and their sympa-
thetic rami communicantes that communicate with the 
intercostal nerve (Answer A).

The paravertebral regional nerve block is commonly 
used to induce unilateral anesthesia for thoracic and upper 
abdominal procedures in children. Its benefits include 
minimization of systemic opioids and their side effects, 
avoidance of complications and side effects associated with 
epidural anesthesia, and site-specific unilateral analgesia.

Placement of a paravertebral block or catheter has been 
performed using three different techniques, which include 
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the loss-of-resistance technique, nerve-stimulator-guided 
technique, and ultrasound-guided technique. In the loss-of-
resistance technique, the paravertebral space is identified 
after the needle “walks off” the transverse process and 
punctures the costotransverse ligament, leading to a loss of 
resistance. In the nerve-stimulator-guided technique, the 
needle is advanced and muscle contractions of the corre-
sponding level are sought as the primary endpoint. Using 
the ultrasound-guided technique, the needle is advanced 
under ultrasound guidance. Ultrasound use can be com-
bined with the other two techniques for increased accuracy 
and safety.

Complications of paravertebral regional anesthesia 
include pleural puncture, pneumothorax, inadvertent 
epidural spread of local anesthetics, intercostal nerve 
block, and vascular injection.

K E Y FAC T S

• Paravertebral space is continuous from T1 to T12.
• The borders of the paravertebral space are anterolateral 

(the parietal pleura); medial (the vertebral body and 
intravertebral disc); and posterior (the transverse process 
and costotransverse ligament).

• Paravertebral space is continuous with the epidural space 
medially and the intercostal space laterally.

• Complications of paravertebral regional anesthesia 
include pleural puncture, pneumothorax, inadvertent 

epidural spread of local anesthetics, intercostal nerve 
block, and vascular injection.

R E F E R E N C E S

Cote CJ. A Practice of Anesthesia for Infants and Children. 4th ed. 
Philadelphia, PA: Saunders; 2009:892–4.

The New  York School of Regional Anesthesia. Thoracic paraverte-
bral block. Available at:  http://www.nysora.com/techniques/
neuraxia l-and-perineuraxia l-techniques/landmark-based/3
077-thoracic-paravertebral-block.html. Accessed February 15, 2014.

18. ANSWER: B

The ankle block is a common regional nerve block used 
for procedures involving the foot. To provide analgesia to 
the entire foot, five nerves must be blocked. The nerves are 
(1)  the deep peroneal nerve, (2)  the superficial peroneal 
nerve, (3) the sural nerve, (4) the tibial nerve, and (5) the 
saphenous nerve.

The sciatic nerve divides in the popliteal fossa into 
the tibial nerve and the common peroneal (fibular) 
nerve. The tibial nerve descends in the posterior compart-
ment of the leg and divides posterior to the medial malleo-
lus into medial and lateral plantar nerves. These nerves are 
mixed sensory and motor nerves. They supply motor inner-
vation to the intrinsic muscles of the foot, except for the 
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Figure 1.2 (A) Cutaneous distribution of the lumbosacral nerves. (B) Cutaneous distribution of the peripheral nerves of the lower extremity. 
(From Wedel DJ, Horlocker TT. Miller’s Anesthesia. Philadelphia, PA: Churchill Livingstone; 2010:1639–74.)
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extensor digitorum brevis. They supply sensation to the 
sole of the foot and the plantar surface of toes 1–5, with 
the exception of the first web interspace (supplied by the 
deep peroneal nerve).

The common peroneal nerve divides into the superfi-
cial peroneal nerve and deep peroneal nerve. The super-
ficial peroneal nerve is a sensory nerve that supplies the 
skin on the dorsum of the foot, including the dorsal 
aspect of toes 1–5, with the exception of the first web 
interspace. The deep peroneal nerve is a mixed motor 
and sensory nerve that supplies motor innervation to the 
extensor digitorum brevis. It supplies sensation to the 
first web interspace.

The sural nerve is composed of nerve fibers from 
both the common peroneal and tibial nerves. This nerve 
enters the foot posterior to the lateral malleolus and sup-
plies the sensory innervation to the lateral foot and lateral 
fifth digit.

The saphenous nerve is a pure sensory nerve derived 
from the femoral nerve. It passes anterior to the medial 
malleolus. It supplies sensory innervation to the medial side 
of the foot down to the first metatarsal.

The technique for an ankle block involves subcutane-
ous infiltration in the known locations of the five primary 
nerves that innervate the foot. This is essentially a ring 
block. Local anesthetic should be superficially injected:

1. Saphenous nerve—around the great saphenous vein 
near the medial malleolus

2. Superficial peroneal nerve—between the extensor 
hallucis longus tendon and the lateral malleolus

3. Deep peroneal nerve—lateral to the extensor 
hallucis longus tendon

4. Sural nerve—between the Achilles tendon and the 
lateral malleolus.

5. Tibial nerve—posterior to the posterior tibial artery 
behind the medial malleolus

K E Y FAC T S

• The tibal nerve supplies sensation to the sole of the foot 
and the plantar surface of toes 1–5, with the exception 
of the first web interspace (supplied by the deep peroneal 
nerve).

• The superficial peroneal nerve is a sensory nerve that 
supplies the skin on the dorsum of the foot, including 
the dorsal aspect of toes 1–5, with the exception of the 
first web interspace.

• The deep peroneal nerve is a mixed motor and sensory 
nerve that supplies motor innervation to the extensor 
digitorum brevis. It supplies sensation to the first web 
interspace.

• The sural nerve is composed of nerve fibers from both 
the common peroneal and tibial nerves. This nerve 
supplies the sensory innervation to the lateral foot and 
lateral fifth digit.

• The saphenous nerve is a pure sensory nerve derived 
from the femoral nerve. It supplies sensory innervation 
to the medial side of the foot down to the first 
metatarsal.

R E F E R E N C E S
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2.
PHYSICS A ND A NESTHESI A EQUIPMENT

James Peyton, Matthew C. Gummerson, Radhamangalam J. Ramamurthi,  
Albert Yeung, and Robert M. Brustowicz

1. Which of the following contributes to the dead space 
in a circle system?

A. CO
2
 absorber

B. Breathing bag (reservoir)
C. Length of tubing from unidirectional valves to 

Y-piece
D. Distance from Y-piece to the terminal bronchioles

2. Which of the following is the correct arrangement of 
Mapelson breathing circuit components for the most 
efficient controlled ventilation (proximal to distal, with 
patient at distal end)?

A. Adjustable pressure-limiting (APL) valve, breathing 
bag, breathing tube, fresh gas inlet, mask

B. Breathing bag, breathing tube, fresh gas inlet, APL 
valve, mask

C. Breathing bag, APL valve, breathing tube, fresh gas 
inlet, mask

D. Fresh gas inlet, breathing bag, breathing tube, APL 
valve, mask

3. A  6-year-old girl undergoes bilateral ureteral reim-
plantation under general endotracheal anesthesia using 
70% nitrous oxide, 27% oxygen, and 2.6% sevoflurane. 
Within a few minutes of emergence and extubation, she 
is transported to the postanesthesia care unit (PACU) 
spontaneously ventilating with oxygen delivered by face 
mask. However, the anesthesiologist fails to realize that 
the oxygen tank is empty. The patient’s vital signs on 
arrival to the PACU are blood pressure 102/60 mm Hg, 
heart rate 87 beats/min, respiratory rate 16 breaths/
min, and SpO

2
 84%. On physical exam, she has clear, 

bilateral breath sounds with excellent tidal volumes 
and is resting comfortably. Which of the following is 
the most likely cause of the patient’s low pulse oximeter 
reading?

A. Negative pressure pulmonary edema
B. Alveolar hypoventilation
C. Inadequate neuromuscular blockade reversal
D. Diffusion hypoxia

4. An 11-year-old male is undergoing a left hemico-
lectomy in Leadville, Colorado (elevation 10,152 feet; 
atmospheric pressure 523  mm Hg). If the patient is 
under general endotracheal anesthesia with isoflurane 
(with a perfectly calibrated variable-bypass vaporizer) 
set to deliver 1%, which of the following most accu-
rately describes the changes seen at higher altitudes 
with isoflurane?

A. The percent concentration of isoflurane delivered 
will be higher than at sea level.

B. The percent concentration of isoflurane delivered 
will be lower than at sea level.

C. The partial pressure of isoflurane will be higher than 
at sea level.

D. The partial pressure of isoflurane will be lower than 
at sea level.

5. A  17-year-old girl has just undergone a laryngotra-
cheal reconstruction under general anesthesia and is to 
be transported to the pediatric intensive care unit intu-
bated. A Mapleson F (or Jackson-Rees modification of 
the Mapleson E or Ayre’s T-piece) circuit is connected 
to a standard E-cylinder oxygen tank at the foot of the 
bed. The pressure gauge on the oxygen tank reads 1200 
psi. How many minutes will the anesthesia provider 
have for transport before the oxygen tank is empty if the 
oxygen is flowing at 15 L/min?

A. 10 minutes
B. 25 minutes
C. 40 minutes
D. 55 minutes
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6. A  29-week-old (postconceptual age) premature neo-
nate admitted to the neonatal intensive care unit develops 
bilious vomiting, abdominal distention with a palpable 
mass, and rectal bleeding. The patient is intubated, resus-
citated, and scheduled for an emergent exploratory lapa-
rotomy. On transport to the operating room a Mapleson 
F breathing circuit is used by the anesthesiologist. What 
advantage do Mapleson systems have over a circle system?

A. Decreased fresh gas flow requirement
B. Preservation of airway humidity
C. Decreased work of breathing
D. Increased dead space

7. A healthy 16-year-old male was an unrestrained pas-
senger in a motor vehicle accident. He is undergoing an 
emergent exploratory laparotomy for perforated bowel 
and ruptured renal capsule. Other injuries include a 
15% pneumothorax and a tibial plateau fracture. If 
70% nitrous oxide were to be administered as part of 
the patient’s general anesthetic, in which compartment 
would there be the most dramatic volume expansion?

A. Lumen of intestine
B. Pleural cavity
C. Endotracheal tube cuff
D. Middle ear cavity

8. An otherwise healthy, 3  kg full-term neonate is 
undergoing an open pyloromyotomy for pyloric steno-
sis. What is the most effective strategy for preventing 
hypothermia in this anesthetized infant during the sur-
gical procedure?

A. Providing warm intravenous fluids
B. Placing a radiant warmer 90 cm above the infant
C. Utilizing a forced-air warming blanket
D. Utilizing a humidification device in the airway circuit

9. A 15-year-old female is scheduled for a thoracolumbar 
spinal fusion utilizing spinal cord neuromonitoring. 
Which of the following modalities directly monitors 
the integrity of ischemia-sensitive, alpha motor neurons 
in the anterior horn of the spinal cord?

A. SSEPs (somatosensory evoked potentials)
B. Epidural MEPs (lower lumbar epidural 

space-monitored motor-evoked potentials)
C. Neurogenic MEPs (peripheral nerve-monitored 

motor-evoked potentials)
D. CMAPs (compound muscle action potentials)

10. In which of the following clinical conditions or 
disease states will the patient’s true arterial oxygen 
saturation be lower than what would be reported on a 

conventional pulse oximeter (assume using a correctly 
sized probe for the patient’s age)?

A. Fetal hemoglobin
B. Hyperbilirubinemia
C. Carboxyhemoglobinemia
D. Sickle cell disease

11. A  13-year-old female is undergoing posterior spi-
nal fusion for idiopathic scoliosis with somatosensory 
evoked potential (SSEP) monitoring. Which of the fol-
lowing changes is concerning for ischemia?

A. Increased amplitude, increased latency
B. Increased amplitude, decreased latency
C. Decreased amplitude, increased latency
D. Decreased amplitude, decreased latency

12. Describe the arterial line waveform in Figure 2.1:

A. The trace is underdamped, but the systolic pressure 
reading will be the most accurate measurement.

B. The trace is overdamped, but the systolic pressure 
will be the most accurate measurement.

C. The trace is underdamped, but the mean pressure 
will be the most accurate measurement.

D. The trace is overdamped, but the mean pressure will 
be the most accurate measurement.

13. Which part of the cardiac cycle does the dicrotic 
notch on the arterial waveform correspond to?

A. Closure of the aortic valve
B. Opening of the aortic valve
C. Closure of the mitral valve
D. Opening of the mitral valve

14. A 75 kg 16-year-old boy has a 6 mm inner diameter 
cuffed oral endotracheal tube in situ. There is a large 
leak around the tube unless the cuff is significantly 
overinflated, and a decision is made to change the endo-
tracheal tube using an airway exchange catheter and 
oxygen insufflation at 2 L/min. To what depth should 
the exchange catheter be inserted?

A. 5–6 cm above the carina
B. 2–3 cm above the carina

50 mm Hg

100 mm Hg

Figure 2.1 Arterial line waveform.
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C. At the carina—stop when resistance is felt
D. 2–3 cm below the carina to ensure the exchange 

catheter does not migrate out of the trachea

15. Helium can be used to treat upper airway obstruc-
tion because:

A. It is used in combination with oxygen to produce a 
gas mixture with a lower density than air.

B. It is used in combination with oxygen to produce a 
gas mixture with a higher density than air.

C. It is used to encourage turbulent flow to improve gas 
exchange in the alveoli.

D. It is used with oxygen to produce a gas mixture with 
a higher viscosity than air.

16. In order to increase the clearance of CO
2
 in a 

patient receiving high-frequency oscillatory ventilation 
(HFOV), how should you alter the ventilator settings?

A. Increase FiO
2

B. Decrease FiO
2

C. Increase amplitude, decrease frequency
D. Decrease amplitude, increase frequency

17. When using a bispectral index (BIS) depth of anes-
thesia monitor:

A. Adding nitrous oxide to the anesthetic gas mixture 
will decrease the BIS reading.

B. Adding an intravenous infusion of fentanyl to an 
inhaled anesthetic technique will lower the BIS 
reading.

C. Adding an intravenous infusion of propofol to an 
inhaled anesthetic technique will lower the BIS 
reading.

D. Adding an intravenous infusion of ketamine to an 
inhaled anesthetic technique will lower the BIS 
reading.

18. Perioperative hypothermia causes:

A. Increased oxygen consumption
B. Faster wound healing
C. Lower wound infection rates
D. Increased risk of bleeding

19. The observed ETCO
2
—PaCO

2
 difference in neo-

nates is dynamic (not fixed) in the following condition:

A. Cyanotic heart disease
B. Acyanotic shunting lesions
C. Leak around endotracheal tube
D. Fast aspiration rate via the sample line

20. Which of the following is a correct statement regard-
ing components of a pediatric circle breathing system?

A. The radius of curvature of the tubing will have no 
effect on compliance.

B. The length of the circuit will affect the dead space.
C. The presence of median septum at the Y piece will 

increase the dead space.
D. The size of the reservoir bag will have minimal effect 

on normocapnic ventilation.

21. The following is a correct statement about the 
Mapleson F (Jackson-Rees modification of Ayres 
T-piece) system and its variants:

A. PaCO
2
 is independent of the minute ventilation at a 

given fresh gas flow.
B. It lacks a mechanism to retain humidity and 

temperature
C. PaCO

2
 is independent of the fresh gas flow rate at a 

given minute ventilation.
D. The determinants of PaCO

2
 are the same for 

spontaneous and controlled ventilation.

22. Which of the following is a correct statement about 
the desflurane vaporizer?

A. The desflurane vaporizer is not agent specific.
B. It lacks variable bypass
C. It is not to be used out of circuit
D. There is no temperature compensation.

23. Which of the following is a correct statement regard-
ing CO

2
 absorbers?

A. Sodalime does not regenerate its color.
B. Baralyme is a safer absorber.
C. Amsorb Plus contains CaCl

2
.

D. Amsorb Plus produces Compound A on reaction 
with sevoflurane.

24. Which of the following will interfere with pulse 
oximeter readings?

A. Fetal hemoglobin
B. Skin color
C. Bilirubin
D. Methylene blue

25. On older anesthesia machines, the change in flow 
meter values can cause significant differences in the 
delivered minute volume to the patient. Which fea-
ture of newer anesthesia machines has made this effect 
negligent?
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A. Piston-driven ventilator
B. Pneumatic bellow-driven ventilator
C. Compliance compensation
D. Fresh gas decoupling

26. Which of the following features differentiates near 
infrared spectroscopy from pulse oximetry?

A. Transmitters emitting different wavelengths of light
B. Movement artifact
C. Ambient light artifact
D. Higher signal strength

27. The following is a correct statement about an ultra-
sound transducer:

A. The transducer functions only as a receiver of 
ultrasound waves.

B. A linear array transducer has the best lateral 
resolution.

C. A curvilinear transducer produces a smaller image.
D. A curvilinear probe is used for transthoracic 

echocardiography.

28. Which of the following is a correct statement about 
processed electroencephalographic (EEG) monitoring 
in children?

A. The pediatric EEG does not vary with age.
B. EEG measures subcortical activity.
C. Epileptiform activity is not seen with sevoflurane 

anesthesia.
D. Processed EEG monitoring is not well validated in 

pediatric anesthesia.
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C H A P T E R   2  A N S W E R S

1. ANSWER: D

Dead space is defined as the portion of a tidal volume that 
does not undergo gas exchange. As dead space increases, 
one must increase the delivered tidal volume if a specified 
amount of alveolar ventilation is desired.

A circle system is composed of several components, 
which together allow lower gas flows, less waste of anes-
thetic agents, reduced loss of patient heat and humid-
ity, and reduced environmental pollution, as compared 
to Mapleson circuits. These components include a carbon 
dioxide absorber, breathing bag reservoir with adjustable 
pressure-limiting valve, inspiratory and expiratory unidi-
rectional valves, corrugated tubing, and a Y-piece that can 
attach to a mask or endotracheal tube.

In a circle system, the presence of unidirectional 
valves limits the contribution of the ventilatory appara-
tus to the anatomic dead space. Only the area distal to 
the Y-piece that joins the inspiratory flow to the expira-
tory flow at the mask or endotracheal tube is significant. 
This small volume adds to the patient’s anatomic dead 
space, which includes the nose, mouth, oropharynx, 
and airways from the trachea through the terminal 
bronchioles.

The CO
2
 absorber and breathing bag are proximal to the 

unidirectional valves in a circle system and are therefore not 
exposed to mixing of inspired and expired gases. The uni-
directional valves also prevent the mixing of inspired and 
expired gas proximal to the Y-piece, thereby eliminating the 
effect of the length of tubing, as exists in the Mapleson cir-
cuits. The only relevant addition to the patient’s anatomic 
dead space is the distance from the Y-piece to the patient’s 
airway.

K E Y FAC T S

• Dead space is defined as the portion of a tidal volume 
that does not undergo gas exchange.

• In a circle system, the presence of unidirectional valves 
limits the dead space; only the area distal to the Y-piece 
adds to the anatomic dead space.

• Anatomic deadspace is comprised of the nose, mouth, 
oropharynx, and airways from the trachea through the 
terminal bronchioles.
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2. ANSWER: C

Even though they are not used as frequently as in the past, 
Mapleson circuits (see Figure 2.2) are simple, inexpensive, 
and lightweight. Since there is no carbon dioxide absorp-
tion, and no unidirectional valves are present, rebreath-
ing does occur to some extent, although this can be limited 
by increasing fresh gas flow. The efficiency of the systems is 
related to the amount of fresh gas flow required.

Answer A  refers to the Mapleson F or Jackson-Rees 
modification of the Mapleson E or Ayre’s T-piece (APL 
valve, breathing bag, breathing tube, fresh gas inlet, mask). 
It is essentially a Mapleson E with a breathing bag and 
APL attached to the proximal end to allow controlled 
ventilation and gas scavenging. This type of circuit requires 
fresh gas flows of at least 2–3 times minute ventilation for 
spontaneous ventilation, and at least 2 times minute ven-
tilation for controlled ventilation.

Answer B refers to the Mapleson B circuit (breathing 
bag, breathing tube, fresh gas inlet, APL valve, mask). This 
type of circuit requires fresh gas flows of at least 2 times 
minute ventilation for spontaneous ventilation, and 
at least 2–2.5 times minute ventilation for controlled 
ventilation.

Answer C refers to the Mapleson D circuit (breath-
ing bag, APL valve, breathing tube, fresh gas inlet, mask). 
This circuit is the most efficient Mapleson circuit for 

B

C

D

E

F

A

Figure 2.2 The five semiclosed anaesthetic systems listed by Mapleson 
(1954) together with the Jackson-Rees modification of Ayre’s 
T-piece. (Reprinted with permission from Willis BA. Rebreathing 
in a T-piece: volunteer and theoretical studies of the Jackson-Rees 
modification of Ayre’s T-piece during spontaneous respiration. 
Br J Anaesth. 1975;47:1239.)
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controlled ventilation, and it is reasonable for spontane-
ous ventilation. This type of circuit requires fresh gas flows 
of at least 2–3 times minute ventilation for spontaneous 
ventilation, but only 1–2 times minute ventilation for 
controlled ventilation.

The Bain circuit is a modification of the Mapleson D 
that allows the fresh gas to run through tubing within the 
breathing tube, allowing warming of fresh gas as it passes 
by expired gas. The fresh gas is still added to the circuit 
in the same place as with the Mapleson D, thereby allow-
ing the Bain circuit to retain the positive aspects of the 
Mapleson D. Even though the modification adds to the size 
and weight of the apparatus, it results in better retention 
of heat and humidity.

Answer D refers to the Mapleson A (fresh gas inlet, 
breathing bag, breathing tube, APL valve, mask). This type 
of circuit requires the least fresh gas flow for spontaneous 
ventilation, needing only an amount equal to minute ven-
tilation (~80/mL/kg per minute). It is the least favorable 
choice of the Mapleson circuits for controlled ventilation, 
requiring very high and unpredictable gas flows.

K E Y FAC T S

• The Mapleson D is the most efficient Mapleson 
circuit for controlled ventilation and is reasonable for 
spontaneous ventilation; requiring fresh gas flows of 
at least 2–3 times minute ventilation for spontaneous 
ventilation, but only 1–2 times minute ventilation for 
controlled ventilation.

• The Bain circuit is a modification of the Mapleson D 
that allows the fresh gas to run through tubing within 
the breathing tube, allowing warming of fresh gas as it 
passes by expired gas.

• The Mapleson A is the most efficient for spontaneous 
ventilation, requiring a fresh gas flow of only an amount 
equal to minute ventilation (~80/mL/kg per minute).

• Efficiency for spontaneous ventilation: Mapelson A > 
D > C > B (“A Dog Can Bite”)

• Efficiency for controlled ventilation: Mapelson D > B > 
C > A (“Dog Bites Can Ache”)
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3. ANSWER: D

Causes of postoperative hypoxemia are numerous and 
include all of the answer choices, as well as numerous oth-
ers. In this particular case, however, the most likely expla-
nation is diffusion hypoxia.

Diffusion hypoxia refers to a scenario that can occur due 
to the rapid elimination of nitrous oxide into the alveoli 
following a nitrous oxide–based anesthetic. Nitrous oxide 
diffuses so quickly into alveolar air spaces that the diluted 
alveolar gas mixture can have decreased partial pressures 
of oxygen and carbon dioxide. In a patient breathing room 
air, this decrease in PAO

2
 can lead to arterial hypoxemia. If 

supplemental oxygen is not provided, diffusion hypoxia can 
persist for 5–10 minutes following the anesthetic, and it can 
therefore contribute to arterial hypoxemia in the PACU.

Other causes of postoperative hypoxemia include atel-
ectasis, V-Q mismatch, pulmonary edema, congestive heart 
failure, alveolar hypoventilation, aspiration, pulmonary 
embolus, shivering, sepsis, transfusion-related lung injury, 
ARDS, obesity, and patient conditions such as asthma or 
chronic obstructive pulmonary disease.

K E Y FAC T S

• Diffusion hypoxia is a result of the rapid elimination 
of nitrous oxide into the alveoli, diluting the alveolar 
oxygen and carbon dioxide.

• Increasing the fractional inspired oxygen concentration 
helps prevent diffusion hypoxia.
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4. ANSWER: A

Traditional variable-bypass vaporizers can be used at any 
altitude without changing the dialed setting of the vapor-
izer, despite the fact that the actual volume percent deliv-
ered is significantly different at higher elevations. This is 
due to the fact that the partial pressure of a particular anes-
thetic in the central nervous system seems to be responsible 
for the effect of the agent, rather than the volume percent/
concentration delivered. The partial pressure of an anes-
thetic agent required to anesthetize a patient does not 
change with altitude, and if the vaporizer continues to 
deliver a more or less fixed partial pressure, there is no need 
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for a change in the dialed output setting. Most conventional 
variable-bypass vaporizers already automatically compen-
sate for this requirement in that the output is actually a 
partial pressure, not a percent concentration, even though 
percent concentration is labeled on the dial.

If looking at the actual volume percent output of a 
variable-bypass vaporizer, there is a significant increase with 
altitude—inversely proportional to the change in baro-
metric pressure. For example, at an elevation of 10,000 ft 
(~3000 m), where atmospheric pressure is only about two 
thirds of the value at sea level, the increase in output from 
an isoflurane vaporizer almost doubles (if set to 1%, output 
is actually almost 2%).

In conclusion, when using a variable-bypass vaporizer 
at higher elevation, there is no need for compensation. The 
partial pressure required for anesthesia is constant, and the 
delivered partial pressure at altitude is almost the same as at 
sea level. Even though the percent concentration required 
for anesthesia increases, the vaporizer will already deliver a 
higher percentage concentration.

The same is not true for other types of vaporizers, such 
as the vaporizer used for delivery of desflurane. This type 
of vaporizer is a dual-circuit, gas/vapor blending vaporizer 
whose percentage output remains constant regardless of 
altitude. When using desflurane with a heated, pressurized 
vaporizer such as the Ohmeda Tec-6 or Drager D-vapor, the 
concentration dial will need to be increased in order to 
deliver adequate anesthesia to the patient at higher altitude.

K E Y FAC T S

• When using a variable-bypass vaporizer at high altitudes, 
the increased elevation can mostly be ignored.

• While the percent concentration required for anesthesia 
increases, a variable-bypass vaporizer will already deliver 
higher percentages at high altitudes.

• The partial pressure required for anesthesia remains 
constant at high altitude, and the delivered partial 
pressure at altitude is almost the same as at sea level with 
variable-bypass vaporizers.

• When using desflurane in a heated, pressurized dual-
circuit vaporizer, the percent concentration dial setting 
must be increased on the vaporizer to deliver adequate 
anesthesia.
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5. ANSWER: B

A size E compressed gas cylinder containing oxygen weighs 
approximately 5.90 kg empty and 6.76 kg full. When full, 
it contains approximately 625 L of oxygen at a pressure of 
approximately 2000 psi (see Table 2.1).

By using Boyle’s law, one can estimate the amount of gas 
remaining in a cylinder. Boyle’s law states that for a fixed 
mass at a given temperature, the product of pressure and 
volume is constant. Using this relationship, and given that 
oxygen exists only in a gaseous state within the cylinder, we 
can estimate the remaining volume in an oxygen cylinder as 
a proportion of the original volume.

1200 psi/2000 psi = x/625 L
This yields a value of 375 L. If the flow rate is 15 L/min, 

then there are 25 minutes remaining until the tank is empty 
(375/15).

Table 2 .1 (refers to questIon 5) coMPressed gas cylInders

COLOR

GAS U.S. INTER NATIONAL PR ESSUR E AT 70°F (PSI) STATE IN CYLINDER E CYLINDER CAPACITY (L)

Oxygen Green White 1900–2200 Gas 625–660

Carbon dioxide Gray Gray 838 Liquid <88°F 1590

Nitrous oxide Blue Blue 745–750 Liquid <98°F 1590

Helium Brown Brown 1600–2000 Gas 496

Nitrogen Black Black 1800–2200 Gas 651

Air Yellow White and black 1800 Gas 625

SOURCE: Adapted with permission from Dorsch JA, Dorsch SE. Understanding Anesthesia Equipment, 5th ed. Wolters Kluwer/Lippincott Williams & 
Wilkins; 2008:9.

K E Y FAC T S
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6. ANSWER: C

Mapleson systems, also known as carbon dioxide washout 
circuits or flow-controlled breathing systems, lack unidi-
rectional valves and CO

2
-absorbing devices. There are six 

variations (See Figure 2.2), designated letters A–F—each 
with unique advantages. The Mapleson F and Mapleson D 
circuits are popular configurations. Each consists of a reser-
voir bag, corrugated tubing (Mapleson D), adjustable over-
flow valve, fresh gas inlet, and the patient connection. There 
are no separate inspiratory and expiratory limb. These cir-
cuits rely on high fresh gas flows to circulate and elimi-
nate CO

2
 out of the circuit. Rebreathing will occur when 

the inspiratory flow exceeds fresh gas flow. Composition of 
inspired gas will depend on how much rebreathing takes 
place and also varies depending on the use of controlled ver-
sus spontaneous ventilation. Monitoring of end-tidal CO

2
 

is the best method to determine optimal fresh gas flow. The 
relative simplicity of the systems decreases the resistance 
and work of breathing, especially during spontaneous 
ventilation. They also offer the advantage of a decrease in 
dead space. Furthermore, they are light, convenient, and 
inexpensive.

There are drawbacks to Mapleson systems, however. 
Their delivery of anesthetic vapors is inefficient and can 
pollute the surrounding atmosphere. Furthermore, these 
systems are unable to preserve humidity of the inspired 
gases from high fresh gas flows and lack of a humidifying 
component.

K E Y FAC T S

• Mapleson circuits are valveless, semiclosed partial 
rebreathing systems that minimize the work of 
breathing, especially for infants during spontaneous 
ventilation.

• Multiple configurations exist, each with certain 
advantages in terms of efficiency of rebreathing.

• Mapleson breathing circuits rely on high fresh gas flows 
for delivery of anesthetic vapors and elimination of 
carbon dioxide.

• Mapleson circuits consist of a reservoir bag, corrugated 
tubing, APL valve, fresh gas inlet, and the patient 

connection without separate inspiratory and 
expiratory limbs.

• Advantages of Mapleson systems include decreased work 
of breathing (especially during spontaneous ventilation) 
from the absence of valves, decreased dead space, relative 
convenience, and inexpensive cost.

• Disadvantages include rebreathing of large amounts 
of CO

2
 if fresh gas flows are not adequate, inefficient 

delivery of anesthetic vapors with subsequent pollution, 
and loss of humidity with high gas flows.
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7. ANSWER: B

Nitrous oxide is a nonpolar, highly soluble gas that eas-
ily diffuses through membranes. The blood-gas partition 
coefficient of nitrous oxide is 0.46, making it 34 times more 
soluble than nitrogen (coefficient 0.014). The greater solu-
bility of nitrous oxide compared to nitrogen results in rapid 
diffusion of nitrous oxide along its concentration gradi-
ent:  from the lungs into the blood, and then rapidly into 
air-containing spaces such as the bowel, pleural cavity, and 
others.

The difference in the blood-gas partition coefficients 
of nitrous oxide (0.46) and nitrogen (0.014) results in 
preferential transfer of nitrous oxide into a compliant 
air-filled cavity faster than nitrogen can exit. This results 
in rapid expansion of the air-filled space as nitrous oxide 
from the blood reaches equilibrium with the air-filled 
space, whereas nitrogen is only able to diffuse out slowly. 
Due to this phenomenon, use of nitrous oxide during gas-
trointestinal surgery and in patients with ileus or bowel 
obstruction is relatively contraindicated. Bowel gas volume 
can expand 2–3 times within the first 2 hours of admin-
istration of 75% nitrous oxide, which may cause harmful 
traction across anastomoses and worsening of intestinal 
obstruction symptoms.

A pneumothorax has been shown to rapidly and dra-
matically expand in volume with the use of nitrous oxide, 
doubling in the first 10 minutes and tripling in 30–45 
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minutes when a 75% nitrous oxide/oxygen mixture is 
used. Other functional disorders such as pneumoperito-
neum, pneumopericardium, and pneumocephalus can also 
theoretically be worsened by nitrous oxide administration. 
However, the volume–pressure relations vary as these areas 
of the body have different tissue compliance. In general, as 
compliance becomes greater (as within the pleural cavity and 
bowel), the volume change will be greater; as compliance 
becomes lower (as within the skull and middle ear), the pres-
sure change will be greater.

The rate at which the volume increases in air-filled cavi-
ties is affected by the solubility of the respired gas in the 
blood and the blood flow to the space or blood flow/space 
volume ratio. Other factors that affect rate of diffusion 
through any semipermeable membrane include tempera-
ture, molecular weight of the respired gas, permeability of 
the gas through (or the solubility in) the tissue composing 
the membrane, and the pressure gradient of the respired gas 
across the membrane.

The amount of gas diffusing into air-filled spaces 
depends on the transport capacity of the blood as given by 
the blood–gas partition coefficient of nitrous oxide and the 
membrane characteristics where the diffusion process takes 
place (i.e., whether the membrane is porous versus nonpo-
rous, silicone versus latex). For example, lung tissue is both 
porous and highly compliant, contributing to the rapid 
increase in size of a pneumothorax when a patient inspires 
a mixture of nitrous oxide and oxygen. Recent data suggest 
that nitrous oxide may even diffuse directly from the alveo-
lar gas into the pleural space rather than being transferred 
by the blood via the circulation, contributing to the obser-
vation of rapid expansion in this space.

Other air-filled cavities that can expand with use of 
nitrous oxide include the middle ear cavity, endotracheal 
tube/LMA cuff, and the air-filled balloons of catheters (such 
as that of a Swan-Ganz pulmonary artery catheter). Nitrous 
oxide can also expand an iatrogenic-caused air-filled cavity 
such as an intracardiac air embolus. Pressure in air-filled 
endotracheal tube cuffs has been shown to increase during 
general anesthesia with nitrous oxide, which can exert exces-
sive tracheal mucosal pressure even when the initial sealing 
pressure was satisfactory. The largest increase in the endo-
tracheal tube cuff pressure occurs during the first hour 
of anesthesia and can contribute to ischemia of tracheal 
mucosa. With the advent of high-volume/low-pressure 
cuffs this has been attenuated, but the phenomenon still 
exists. The increase in volume in endotracheal cuffs is not 
as dramatic as compared to pleura or bowel, in part because 
the initial volume is so much smaller and the cuff not as 
compliant.

Nitrous oxide can diffuse into the middle ear cavity, 
which can be problematic when the Eustachian tube is not 
functioning properly. However, as described earlier, the 
middle ear is a noncompliant space and the pressure will 
increase much more than the volume.

K E Y FAC T S

• Nitrous oxide is 34 times more soluble in blood 
than nitrogen; this causes a preferential transfer of 
nitrous oxide into a compliant, air-filled cavity faster 
than nitrogen can exit, resulting in expansion of the 
air-filled space.

• Nitrous oxide rapidly and dramatically accumulates 
in the pleural space, with the potential to triple the 
volume of a pneumothorax within 45 minutes when 
administered at 75%.

• Bowel gas volume will also expand with the use of 
nitrous oxide, but not as dramatically (2–3 times in the 
first 2 hours of 75% nitrous oxide administration).

• Pneumoperitoneum, pneumopericardium, and 
pneumocephalus can also theoretically be worsened by 
nitrous oxide administration, but the volume increase 
may be less dramatic given the low compliance of these 
tissues.

• In general, as compliance becomes greater (as within the 
pleural cavity and bowel), the volume change will be 
greater; as compliance becomes lower (as within the skull 
and middle ear), the pressure change will be greater.

• Other air-filled cavities that may expand include the 
middle ear compartment (more deleterious with an 
occluded Eustachian tube), endotracheal tube/LMA 
cuffs, and catheter balloons filled with air.

• The rate at which volume increases in gas-enclosed 
spaces depends on the solubility of the respired gas in the 
blood, the blood flow to the space, and the blood flow/
space volume ratio.
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8. ANSWER: C

Heat loss occurs through a variety of mechanisms in the 
operating room environment. Initial heat loss during 
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anesthesia is due to the transfer of heat from the central com-
partment/body core to the periphery/skin surface (internal 
redistribution). The second phase of heat loss is caused by 
thermal imbalance, which is a result of decreased heat pro-
duction coupled with increased heat loss to the environment. 
These mechanisms for heat loss (by percent for a neonate in 
a thermonuclear environment) are radiation (39%), convec-
tion (34%), evaporation (24%), and conduction (3%).

Radiant heat loss, defined as the function of the tem-
perature difference between the patient and the sur-
rounding environment, is the major source of heat loss 
in an anesthetized patient. Increasing the ambient operat-
ing room temperature is an effective means of minimizing 
radiant heat loss in an anesthetized newborn.

A radiant warmer can help reduce cutaneous heat 
loss by 77% during the induction of anesthesia and before 
the infant is prepped and draped. A radiant heater should 
be placed no closer than 90 cm from a patient’s skin to avoid 
skin burns. In addition, prolonged use of radiant warm-
ers may increase insensible losses. However, utilizing this 
device during the surgical procedure is impractical.

Convective heat loss is another major contributor to 
heat loss in the anesthetized infant. Convective heat loss 
is defined as the transfer of heat from the body to air or 
liquid molecules flowing over it. “Convective forced-air 
warmers are by far the most effective devices to maintain 
the temperature and increase the temperature of cold chil-
dren” (Coté et al., 2009, p. 566).

Covering exposed skin surfaces not involved in the sur-
gical field helps reduce radiant, convective, and evaporative 
heat loss. The head comprises a large percentage of the 
total body surface area of an infant, and therefore provid-
ing head covering is an effective means of preventing heat 
loss (as well as reducing oxygen consumption—23% in term 
neonates and 36% in preterm neonates).

Providing humidification of inspired gases can reduce 
convective and evaporative losses via the respiratory tract. 
Additionally, humidification will increase tracheal mucous 
flow and decrease damage to the trachea from dry inspired 
gases. The higher minute ventilation per kilogram of body 
weight in children makes airway humidification more effec-
tive in children than in adults.

K E Y FAC T S

• Initial heat loss in an anesthetized patient is through 
internal redistribution.

• Radiation 39%: transfer of heat between two objects 
of different temperatures that are not in contact with 
each other

• Convection 34%: transfer of heat to moving molecules 
such as air or liquid

• Evaporation 24%: heat loss from converting liquid 
(sweat, insensible water losses, liquids applied directly to 
skin) to a gaseous state

• Conduction 3%: heat transfer between two surfaces in 
direct contact

• Utilizing forced-air warmers is the most effective 
method of preventing heat loss during surgery in 
children.

R E F E R E N C E S

Coté CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:566–7.

Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for 
Infants and Children. 8th ed. St. Louis, MO:  Elsevier Mosby; 
2011:163–5,176–8.

9. ANSWER: D

Somatosensory evoked potentials (SSEPs), also known as 
cortical SSEPs, stimulate peripheral nerves and measure 
the response using electrodes placed on the patient’s scalp. 
The pathway of this signal starts in the peripheral nerve, 
ascends the ipsilateral dorsal (sensory) column of the 
spinal cord, crosses to the contralateral side at the level 
of the brain stem, and then continues to the primary sen-
sory cortex. The impulses measured are sensory in nature 
but are used as a surrogate to monitor for motor deficits 
because of the proximity of the motor and sensory tracts in 
the spinal cord.

Motor evoked potentials (MEPs) are the neuroelectri-
cal signals produced in response to electrical or magnetic 
pulse stimulation to the brain. MEPs can be measured by 
direct transcranial stimulation of the motor cortex or 
by spinal cord stimulation. With spinal cord stimulation, 
neurogenic MEPs measure the conduction via the dorsal 
columns in a retrograde fashion and are actually sensory 
in nature. Regardless of where the stimulation occurs, the 
responses to the stimulation are usually recorded distal to 
the surgical site.

When utilizing epidural MEPs, the recording elec-
trodes are located in the lower lumbar epidural space. 
While epidural MEPs are the least effected by muscle relax-
ants, they monitor conduction via the corticospinal 
tract and therefore do not provide information about the 
condition of the anterior horn motor neurons. When uti-
lizing neurogenic MEPs, the recording electrodes are near 
peripheral nerves but also do not accurately measure motor 
conduction.

When utilizing compound muscle action potentials 
(CMAPs), the recording electrodes are located directly in 
peripheral muscles. CMAPs generated after transcranial 
stimulation are believed to be exclusively transmitted via 
motor tract conduction and thus directly monitor the 
integrity of ischemia-sensitive, alpha motor neurons in 
the anterior horn of the spinal cord. Unfortunately, these 
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responses are also exquisitely sensitive to common anes-
thetic agents.

K E Y FAC T S

• CMAPs are the preferred method for monitoring 
intraoperative spinal cord motor integrity; these are also 
very sensitive to anesthetic agents.

• SSEPs measure sensory pathways; although these 
are close to the motor pathways in the spinal cord, 
significant false-positive and false-negative changes have 
been reported.

• Epidural MEPs and neurogenic MEPs are not that 
accurate for monitoring intraoperative spinal cord motor 
integrity.

R E F E R E N C E

Coté CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:640–2.

10. ANSWER: C

Pulse oximetry measures the ratio of oxyhemoglobin to 
the sum of oxyhemoglobin and deoxyhemoglobin in the 
blood. Utilizing spectrophotoelectric transmission pulse 
oximetry, the amount of light transmitted through tissue at 
two different wavelengths of light (930 and 660 nm) is mea-
sured. Readings below 70% tend to be inaccurate and may 
overestimate the actual amount of deoxyhemoglobin pres-
ent in the blood. Other types of hemoglobin (-F and -S)  
have a minimal effect on the accuracy of pulse oximetry, as 
does hyperbilirubinemia (Answers A, B, and D).

Carboxyhemoglobinemia may cause an overestima-
tion of the true arterial oxygen saturation (Answer C). In a 
patient who has carboxyhemoglobinemia, the photo detec-
tor interprets carboxyhemoglobin as oxyhemoglobin. 
In a similar fashion, methemoglobinemia causes arterial 
oxygen desaturation, but the pulse oximeter reading will 
be higher than the patient’s actual arterial saturation. That 
is, the degree of patient desaturation is underestimated 
by the pulse oximeter. As one would expect, this disparity 
becomes greater during desaturation if the patient has high 
levels of methemoglobin in the blood.

Intravenous dyes like methylene blue and indocya-
nine green (as well as colored fingernail polish) can also 
affect the accuracy of pulse oximeter readings. In the pres-
ence of these substances, however, the patient’s true oxygen 
saturation is actually higher than the monitor indicates.

When caring for small infants, one must be cognizant of 
the “penumbra effect.” This phenomenon can occur when 
an adult clip-on probe is used on an infant’s finger or toe. 
In this situation, the photo detector of the large probe will 

sense the motion of the patient’s arterial pulsation and thus 
produce a believable pulse waveform, but a large amount of 
light will be transmitted around the digit of the infant, 
which will produce an artificially elevated saturation 
reading.

K E Y FAC T S

• Carboxyhemoglobinemia may cause a conventional 
pulse oximeter to overestimate a patient’s true arterial 
oxygen saturation; the photo detector interprets 
carboxyhemoglobin as oxyhemoglobin.

• Methemoglobinemia causes arterial oxygen 
desaturation, but the pulse oximeter reading will be 
higher than the patient’s actual arterial saturation.

• Other types of hemoglobin (-F and -S) have a minimal 
effect on the accuracy of pulse oximetry, as does 
hyperbilirubinemia.

• Intravenous dyes like methylene blue and indocyanine 
green (as well as colored fingernail polish) may cause 
a falsely low saturation reading on the pulse oximeter 
when the patient’s true arterial saturation is higher.

R E F E R E N C E

Coté CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders; 2009:20,22,1116–8.

11. ANSWER: C

Somatosensory evoked potentials (SEPs or SSEPs) can be 
used to monitor for spinal cord injury during scoliosis sur-
gery. It provides real-time, continuous assessment of spinal 
cord function and usually requires advanced practitioner 
training to utilize effectively. An SEP is a signal in the sen-
sory pathway that is generated in response to stimulation 
of a sensory nerve. Typically in scoliosis surgery, a periph-
eral nerve (such as the median, peroneal, or posterior tibial 
nerve) is stimulated at a fixed interval during a proce-
dure. The resulting SEP can be recorded over the scalp 
or spine. An intact neural pathway is required for an SEP 
to be generated. Intraoperative changes in the SEP during 
scoliosis surgery may indicate that this pathway has been 
jeopardized, either from ischemia or mechanical disrup-
tion/surgical retraction.

SEPs are described in terms of polarity (direction of 
the wave signal), amplitude (voltage difference between 
two peaks of opposite polarity), and latency (time mea-
sured from the application of the stimulus to the point of 
maximum amplitude of the evoked potential). SEPs are 
continuously repeated during surgery, with the amplitude 
and latency compared to baseline values. During peri-
ods of ischemia, SEP amplitude decreases and latency 
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increases. In general, a reduction in amplitude of greater 
than 50% and an increase in latency of 10% is regarded 
as clinically significant. SEPs are more reliable in patients 
with idiopathic scoliosis compared to those with neuro-
muscular scoliosis. SEPs only monitor the sensory pathway 
and provide no direct information about motor function or 
the anterior portions of the spinal cord. If SEP monitoring 
is equivocal, some advocate an intraoperative wake-up test 
to assess motor function.

SEPs are affected by both pharmacologic and physi-
ologic variables. For intraoperative monitoring, the most 
important variables are anesthetic agents, blood pressure, 
oxygenation, and body temperature. Volatile inhaled 
anesthetics produce dosage-dependent decreases in 
amplitude and increases in latency. Nitrous oxide alone 
decreases amplitude but has no effect on latency. In 
general, intravenous anesthetic agents have less effect on 
SEPs. Propofol, opioids, and dexmedetomidine appear 
to have minimal effects on SEPs. Hypotension results in 
progressive decrease in amplitude with no change in latency. 
Hypoxia produces a decrease in amplitude similar to the 
change seen in ischemia. Both hypothermia and hyperther-
mia can cause perturbations in amplitude and latency.

K E Y FAC T S

• Somatosensory evoked potentials (SEPs or SSEPs) can 
be used to monitor for spinal cord injury during scoliosis 
surgery.

• During periods of ischemia, SEP amplitude decreases 
and latency increases.

• In general, a reduction in amplitude of greater than 50% 
and an increase in latency of 10% is regarded as clinically 
significant.

• Volatile inhaled anesthetics produce dosage-dependent 
decreases in amplitude and increases in latency.

• Nitrous oxide alone decreases amplitude but has no 
effect on latency.

• Propofol, opioids, and dexmedetomidine appear to have 
minimal effects on SEPs.

R E F E R E N C E S

Kincaid MS, Lam AM. Anesthesia for Neurosurgery. In: Barash PG, 
Cullen BF, Stoelting RK, Cahalan MK, Stock MC, eds. Clinical 
Anesthesia. 6th ed. Philadelphia, PA: Lippincott Williams & 
Wilkins; 2009:1010.

Seubert CN, Mahla ME. Neurologic Monitoring. In: Miller RD, 
Eriksson LI, Fleisher LA, Wiener-Kronish JP, Young WL, eds. 
Miller’s Anesthesia. 7th ed. Philadelphia, PA: Churchill Livingstone 
Elsevier; 2010:1487–8.

Zuckerberg AL, Yaster M. Anesthesia for Orthopedic Surgery. In: 
David PJ, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for 
Infants and Children. 8th ed. St. Louis, MO: Elsevier Mosby; 
2011:851–3.

12. ANSWER: D

Invasive blood pressure measurement was initially described 
in 1733 by an English Parson, Rev. Stephen Hales, when he 
published experiments he performed in 1727 measuring the 
height reached by blood pumped from a dog’s heart after 
aortic cannulation. Noninvasive blood pressure measure-
ment was first used during anesthesia by Cushing in 1901 
and remains a minimum standard of monitoring during 
anesthesia.

The gold standard of blood pressure monitoring is an 
invasive intra-arterial reading of blood pressure. It relies 
on the principle of hydraulic coupling, with a continu-
ous stream of fluid being in direct contact with the 
arterial blood flow and a pressure transducer via an 
intra-arterial cannula and fluid column. The pulsatile 
arterial flow moves a diaphragm within the transducer, 
which is connected to a Wheatstone bridge system, 
using the changes in electrical resistance during expan-
sion/compression of two pairs of wires to generate the 
changing electrical signal, which is then displayed by the 
monitor.

Damping refers to anything that reduces the energy 
within an oscillating system. An arterial line trace that 
shows optimal or critical damping will display a rapid 
upstroke of systolic pressure, a dicrotic notch, and dem-
onstrate the best balance between response rate to change 
and accuracy. Causes of damping in an arterial line mea-
suring system include:

• Air bubbles
• Kinks in the tubing or cannula
• Three-way taps (stop-cocks)
• Changes in patient position
• Vasospasm
• Changes in compliance of the tubing

K E Y FAC T S

• Damping refers to anything that reduces the energy 
within an oscillating system.

• Optimal damping displays a rapid upstroke of systolic 
pressure, a dicrotic notch, and is balanced between 
response rate to change and accuracy.

R E F E R E N C E

Hales, Stephen. Statical essays: containing haemastatics; or, an account 
of some hydraulick and hydrostatical experiments made on the blood 
and blood-vessels of animals. London: W. Innys, T. Woodward and 
J. Peele, 1733.

Ward M, Langton JA. Blood Pressure Measurement. Contin Educ 
Anaesth Crit Care Pain 2007;7(4):122–126.
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13. ANSWER: A

The cardiac cycle refers to the events that occur from the 
beginning of one heartbeat to the next. It begins with spon-
taneous activation of the sinus node in the right atrium, 
near the entrance of the superior vena cava. There is a small 
delay in the electrical impulse being conducted through 
the atria into the ventricles, causing the atria to contract 
before the ventricles. This allows the atria to forcibly eject 
blood into the ventricles prior to ventricular contrac-
tion and increase end diastolic volume of the ventricles. 
During ventricular contraction the A-V valves (mitral and 
tricuspid) are closed, allowing blood to flow into the atria. 
The increase in pressure within the ventricles causes the 
opening of the aortic and pulmonary valves, followed by 
the rapid isovolumic contraction of the ventricles eject-
ing blood into the aorta and pulmonary artery. After 
ejection, the ventricles relax until the decrease in pres-
sure allows closure of the aortic and pulmonary valves. 
The closure of the aortic valve causes a transient rise in 
aortic pressure, which is captured in the arterial line trace 
as the dicrotic notch.

This is summarized in Figure 2.3.

K E Y FAC T S

• Dicrotic notch closure of the aortic valve causes a 
transient rise in aortic pressure, which is captured in the 
arterial line trace as the dicrotic notch.

R E F E R E N C E

Hall JE. Guyton and Hall Textbook of Medical Physiology. 12th ed. 
Philadelphia, PA: Saunders; 2007.

14. ANSWER: B

Many techniques have been described for managing 
changes of endotracheal tubes, both intraoperatively and 
in intensive care unit (ICU) patients. In the difficult air-
way it may be vital to keep access to the trachea to enable 
replacement endotracheal tube over the exchange catheter, 
if direct viewing is impossible. It may also be desirable to 
provide oxygen insufflation into the trachea in patients 
with little physiological reserve. An airway exchange cath-
eter (e.g., Cook or Aintree exchange catheter) is designed to 
do both of these things. It is a long, hollow tube that can be 
passed through an in situ endotracheal tube, while oxygen 
is insufflated down it to allow oxygenation while the exist-
ing endotracheal tube is removed and a new endotracheal 
tube railroaded over the exchange catheter into the trachea. 
The manufacturers’ instructions state the correct depth of 
insertion is 2–3 cm above the carina.

If the exchange catheter is not inserted far enough, it may 
be displaced out of the trachea during tube exchange, result-
ing in misplacement of the endotracheal tube. If it is inserted 
too far, it can cause direct trauma to the lung parenchyma, 
with tension pneumothoraces and death possibly occurring.

It is also worth noting that due to the long, narrow 
gauge of the exchange catheters, using high-flow oxygen 
should be avoided, as the pressure generated at the distal 
end of the exchange catheter can be high enough to cut 
through muscle and connective tissue.

K E Y FAC T S

• Exchange catheters keep access to the trachea during 
replacement of an endotracheal tube and allow 
oxygen insufflation during endotracheal tube exchange

• Depth of insertion should be 2–3 cm above carina
• Tension pneumothoraces can result if an exchange 

catheter is inserted too far
• Avoid high-flow oxygen when using tube exchange 

catheters

R E F E R E N C E S

Cook airway exchange catheters with Rapi-Fit™ adapters:  instructions 
for use. Available at:  https://www.cookmedical.com/data/IFU_
PDF/C_T_CAE_REV4.PDF. Accessed June 4, 2014.

Sheriffdom of Glasgow and Strathkelvin. Determination of Sheriff 
Linda Margaret Ruxton in fatal accident inquiry into the death 
of Gordon Ewing. Available at:  https://www.scotcourts.gov.uk/
opinions/2010FAI15.html. Accessed June 4, 2014.

40

1

2

3

4 5

6

1 sec

R

80

120

0

Figure 2.3 Normal arterial blood pressure waveform and its relationship 
to the electrocardiographic R wave. 1, Systolic upstroke; 2, systolic 
peak pressure; 3, systolic decline; 4, dicrotic notch; 5, diastolic runoff; 
6, end-diastolic pressure. (From Mark JB. Atlas of Cardiovascular 
Monitoring. New York: Churchill Livingstone; 1998.)
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15. ANSWER: A

Gas flow may be described as laminar, turbulent, or in a 
transitional state between laminar and turbulent. The 
most efficient way for gas exchange to occur is during 
laminar flow. The propensity of a substance to display 
laminar flow is decided by its Reynold’s number. This is a 
mathematical description of the substance’s flow mechanics, 
incorporating the density, speed of flow, and the diameter 
of the tube it is flowing through, divided by the viscosity of 
the substance. The lower the number, the higher the like-
lihood of laminar flow occurring. If the Reynold’s num-
ber is <2000, then laminar flow is likely, between 2000 
and 4000 transitional flow is likely, and >4000 turbulent 
flow is likely.

Helium has a similar viscosity to air, but a signifi-
cantly lower density. It is an inert and nonflammable gas. 
Heliox is usually a combination of 21% oxygen and 79% 
helium. It is also available as a 30:70 mixture, but any 
increase from this may negate the purpose of using it. The 
presence of helium increases the propensity for laminar 
flow within the airways by lowering the Reynold’s number 
of the inspired gas. This may decrease the work of breath-
ing and improve gas exchange. Disadvantages include 
being unable to deliver high concentrations of inspired 
oxygen. However, if ventilation is significantly improved 
by the decrease in work of breathing and the increase in 
laminar flow, oxygenation may be improved, as illustrated 
by the alveolar gas equation. If the flow remains turbulent 
despite the presence of helium, there is also a possibility 
that overall gas flow will be improved due to the lower 
density.

Heliox use has been described in upper airway 
obstruction, asthma, croup, epiglottitis, and chronic 
obstructive pulmonary disease. It is also used in commer-
cial air mixtures for diving.

K E Y FAC T S

• Gas flow may be described as laminar, turbulent,  
or in a transitional state between laminar and  
turbulent.

• The propensity of a substance to display laminar flow is 
decided by its Reynold’s number.

• Helium has a similar viscosity to air, but a significantly 
lower density. It is an inert and nonflammable gas. 
Heliox is usually a combination of 21% oxygen and 
79% helium.

• Helium increases the propensity for laminar flow within 
the airways by lowering the Reynold’s number of the 
inspired gas, decreasing the work of breathing and 
improving gas exchange.

• Reynold’s number = (Density × velocity of flow × 
diameter of tube)/Viscosity.

R E F E R E N C E S

Barach AL, Eckman M. The effects of inhalation of helium mixed 
with oxygen on the mechanics of respiration. J. Clin. Invest. 
1936;15(1):47–61.

Reuben AD, Harris AR. Heliox for asthma in the emergency depart-
ment: a review of the literature. Emerg Med J. 2004;21:131–5.

16. ANSWER: C

HFOV is often used in the neonatal ICU when 
 conventional ventilation has not succeeded in maintain-
ing adequate  oxygenation/ventilation. It may produce less 
ventilator-associated lung injury and decrease the risk of 
developing chronic lung disease. The principle of HFOV is to 
maintain a high mean airway pressure and use high fre-
quency (2–15 Hz), small volume (less than the patient’s dead 
space) breaths to provide gas exchange. Mechanisms of gas 
exchange are complex and not fully understood, involving con-
vection, laminar and turbulent flow, and molecular diffusion.

Amplitude is the measurement of the pressure deliv-
ered above and below the mean airway pressure. It is 
measured proximally in the circuit, so it will be attenuated 
by the size of the endotracheal tube and the patient’s own 
airway resistance (with flow through the tube being pro-
portional to the fourth power of the radius/tube length). 
Increasing amplitude will increase the volume of lung 
expansion, but it may lead to barotrauma and complica-
tions such as gas trapping and pneumothorax. Decreasing 
the frequency will also lead to larger gas volumes being 
exchanged per cycle and thus lower CO

2
.

There is no clear evidence of improvement in outcome 
when compared to conventional ventilation in preterm neo-
nates. Approximately 20% of premature neonates requiring 
mechanical ventilation will be placed on HFOV. A recent 
Cochrane meta-analysis demonstrated this lack of superi-
ority; however, no evidence of harm was found. Two recent 
trials of HFOV in adults with acute respiratory distress syn-
drome (ARDS) showed no benefit, and a potential increase 
in mortality associated with HFOV. Its use in the adult 
ICU is decreasing, but it remains a mainstay of treatment 
of respiratory distress in the neonatal ICU. CO

2
 clearance 

is not linked to oxygenation and increasing the mean 
airway pressure may improve oxygenation but will not 
improve CO

2
 clearance.

K E Y FAC T S

• HFOV may produce less ventilator-associated lung 
injury and decrease the risk of developing chronic lung 
disease.

• The principle of HFOV is to maintain a high mean 
airway pressure and use high-frequency (2–15 Hz), 
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small-volume (less than the patient’s dead space) breaths 
to provide gas exchange.

• Amplitude is the measurement of the pressure delivered 
above and below the mean airway pressure.

• CO
2
 clearance is not linked to oxygenation and 

increasing the mean airway pressure may improve 
oxygenation but will not improve CO

2
 clearance.

R E F E R E N C E S
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17. ANSWER: C

The bispectral index (BIS) is the most widely studied 
depth-of-anesthesia monitor. It combines power spectral 
analysis of the EEG signal with a phase relationship 
analysis to give a number representing the changes within 
the EEG, from 0 (isoelectric) to 100 (fully awake). The algo-
rithm used was created by retrospectively analyzing EEG 
data taken from anesthetized volunteers and correlating 
clinical features associated with loss of consciousness to the 
EEG signal. A Cochrane review in 2007 demonstrated a pos-
sible decrease in risk of awareness within high-risk patients; 
however, when compared to the use of end tidal anesthetic 
concentration monitoring, there is no difference in rates of 
awareness. One of the weaknesses of the BIS monitor is the 
lack of response that it has to some commonly used anes-
thetic adjuncts, such as nitrous oxide, ketamine, and opi-
ates. The BIS reading does correlate closely to Propofol 
plasma concentration and end tidal (ET) volatile agent 
reading (i.e., it will decrease as the plasma concentration of 
propofol or the ET volatile concentration increases).

Other depth-of-anesthesia monitoring techniques used 
in clinical practice include the following:

• The isolated forearm technique where a tourniquet 
is inflated on the upper arm prior to giving muscle 
relaxants, preventing the drug from reaching the isolated 
forearm. Moving the fingers/hand to command is used 
as a surrogate for awareness.

• Narcotrend and M-Entropy use similar technology to 
BIS and are based on EEG.

• Auditory evoked potential monitoring uses auditory 
stimulus (provided by a loud 7 Hz click) via headphones 
to produce an evoked potential within the cochlea. 
This is then captured from changes in the EEG by 
digital averaging of the last 256 waveforms and an index 
number from 0–100 produced, with 0 being isoelectric 
and 100 fully awake.

K E Y FAC T S

• BIS combines power spectral analysis of the EEG signal 
with a phase relationship analysis to give a number 
representing the changes within the EEG.

• A Cochrane review in 2007 demonstrated a possible 
decrease in risk of awareness within high-risk patients; 
however, when compared to the use of end tidal 
anesthetic concentration monitoring, there is no 
difference in rates of awareness.

R E F E R E N C E S
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18. ANSWER: D

Perioperative hypothermia, defined as a core temperature 
less than 36°C, can have significant side effects. In opera-
tions lasting longer than 1 hour, it is recommended that 
temperature is measured and that active forced air warming 
devices are used to maintain core temperature. Immediately 
after the induction of anesthesia, core temperature will begin 
decrease due to several factors, including loss of protective 
behaviors (such as shivering and adding layers of clothing), 
patient exposure, vasodilatation caused by anesthesia, 
the infusion of relatively cold intravenous fluids, and the 
decrease in metabolic rate associated with anesthesia.

Heat is lost in several ways:

• Radiation (accounting for >60% of heat lost)
• Convection (accounting for approximately 25% of heat lost)
• Evaporation (accounting for approximately 5%–15% of 

heat lost)

Hypothermia can affect coagulation via worsening 
platelet function, increasing fibrinolysis, and decreas-
ing the effectiveness of temperature-dependent enzymes 
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within the coagulation cascade. Oxygen consumption 
decreases by approximately 5%–10% for every 1°C that 
core temperature drops. Shivering can occur due to hypo-
thermia, usually postoperatively, which can increase oxy-
gen consumption by 40%–100%. Wound healing can be 
delayed, wound infection rates can increase, and rates 
of myocardial ischemia can increase due to perioperative 
hypothermia. Because of these effects, perioperative hypo-
thermia has been recognized as a target to improve surgi-
cal outcomes internationally. Guidelines emphasizing the 
maintainence of perioperative normothermia have been 
produced in multiple countries, including the United States, 
United Kingdom and Ireland, Australia, and New Zealand.

K E Y FAC T S

• Perioperative hypothermia is defined as a core 
temperature less than 36°C.

• Hypothermia can affect coagulation via worsening 
platelet function, increasing fibrinolysis, and decreasing 
the effectiveness of temperature-dependent enzymes 
within the coagulation cascade.

• Wound healing can be delayed, wound infection rates 
can increase, and rates of myocardial ischemia can 
increase due to perioperative hypothermia.

R E F E R E N C E S
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19. ANSWER: A

In neonatal ventilation, it is common to observe an 
ETCO

2
-PaCO

2
 difference, particularly when using a 

side stream capnometer, due to various mechanical and 
physiological reasons.

Mechanical causes include the following:

1. Leak around the uncuffed endotracheal tube
2. Sampling rate of the side stream capnometer, which 

is usually larger than the expiratory flow rate
3. The faster respiratory rate of a spontaneously breathing 

infant can have stacking effect on the sampling.

Most of the time the mechanical causes result in relatively 
fixed ETCO

2
-PaCO

2
 differences, which can be corrected 

by addressing the source of the issue.

Physiologic causes include states where the pulmo-
nary blood flow is restricted or the parenchyma is diseased. 
Irrespective of the type of capnometer used (main stream 
or side stream), neonates with cyanotic-shunting congenital 
heart lesions and intrinsic parenchymal diseases will show 
an ETCO

2
-PaCO

2
 gradient that is dynamic.

In contrast, acyanotic shunting lesions tend to show 
a relatively fixed relationship in the ETCO

2
-PaCO

2
 

gradient.

K E Y FAC T S

• An ETCO
2
-PaCO

2
 gradient is dynamic in the setting of 

cyanotic-shunting congenital heart lesions and intrinsic 
parenchymal diseases.

• Acyanotic shunting cardiac lesions tend to show a relatively 
fixed relationship in the ETCO

2
-PaCO

2
 gradient.

R E F E R E N C E

Sandberg W, Urman R, Ehrenfeld J, eds. The MGH Textbook of 
Anesthetic Equipment. Philadelphia, PA:  Churchill Livingstone; 
2010:306.

20. ANSWER: D

The main purpose of a breathing system is to aid normo-
capnic ventilation by avoiding loss of tidal volume in the 
circuit itself and by minimizing mechanical dead space. 
To minimize the loss of tidal volume in the compliance of 
the tubing, pediatric circle systems have a smaller radius 
of curvature of the tubing, which, according to LaPlace’s 
Law, renders them less distensible and thus decreasing the 
compression volume.

Mechanical dead space exists only where fresh and 
exhaled gases are mixed (i.e., at the Y-piece), irrespective 
of the length of the limbs of the circle. Dead space no lon-
ger exists when fresh and exhaled gases are completely sepa-
rated. The dead space of the Y-piece in a circle system can be 
decreased by the addition of a median septum.

K E Y FAC T S

• In pediatric breathing systems, the size of the reservoir 
bag will have minimal effect on normocapnic ventilation 
as long as the fresh gas flow is adequate.

• The reservoir bag’s role is to provide additional volume 
at times of peak inspiratory efforts, to augment the fresh 
gas flow.

• Mechanical dead space exists only where fresh and 
exhaled gases are mixed (i.e., at the Y-piece).

• Dead space no longer exists when fresh and exhaled 
gases are completely separated.
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• The dead space of the Y-piece in a circle system can be 
decreased by the addition of a median septum.

R E F E R E N C E

Sandberg W, Urman R, Ehrenfeld J, eds. The MGH Textbook of Anesthetic 
Equipment. Philadelphia, PA: Churchill Livingstone; 2010:297.

21. ANSWER: B

In the Mapleson F system, the addition of a reservoir bag 
helps one to “feel” the compliance of the lungs and also 
enables assisting or controlling the ventilation as needed (See 
Figure 2.2). Thus, it is ideally suited for pediatric use. But 
being a simple system, it lacks the ability to precisely control 
the PaCO

2
, which changes both with minute ventilation and 

fresh gas flow rate. At high fresh gas flow rates, the minute 
ventilation determines the PaCO

2
 as there is minimal or no 

dead space effect. At high minute volume, the fresh gas flow 
determines the PaCO

2
.

During spontaneous ventilation, provided there is 
adequate expiratory pause and high fresh gas flow, there is 
minimal mixing of expired gases with the fresh gas, which 
helps to reduce the dead space effect and thus maintains 
PaCO

2
 at a normal level.

During manual controlled ventilation, there is a pos-
sibility of variable expiratory pause, which can cause variable 
effect on dead space gas, which in turn can affect the PaCO

2
.

Unlike the circle system, the Mapleson F system lacks 
the ability to retain humidity and temperature.

K E Y FAC T S

• The addition of a reservoir bag in the Mapleson F system 
enables assisting or controlling the ventilation as needed. 
Thus, it is ideally suited for pediatric use.

• It lacks the ability to precisely control the PaCO
2
, which 

changes both with minute ventilation and fresh gas 
flow rate.

• The Mapleson F system also lacks the ability to retain 
humidity and temperature.

R E F E R E N C E

Sandberg W, Urman R, Ehrenfeld J, eds. The MGH Textbook of Anesthetic 
Equipment. Philadelphia, PA: Churchill Livingstone; 2010:297.

22. ANSWER: B

The modern vaporizers can be defined as agent spe-
cific, out of circuit, flow over, variable bypass, and 

temperature compensated to describe the salient physi-
cal features involved in the design of the vaporizers. Agent 
specificity is an important safety feature to avoid filling 
a vaporizer with a wrong agent. This is achieved by having 
keyed index filling and color-coding for the vaporizer itself. 
Temperature compensation is usually by a bimetallic strip 
regulating the splitting ratio according to the operating 
temperature to maintain a constant vapor output. In the 
case of the desflurane vaporizer, temperature is maintained 
by an active heating device. Most of the modern vaporizers 
are designed to be used outside the circle system.

In most modern vaporizers, having a variable bypass 
chamber helps to split the ratio of the fresh gas flow 
(FGF) entering the vaporizing chamber and the bypass 
chamber. In essence, a fraction of the FGF entering the 
vaporizing chamber gets fully saturated with the vapor, 
which then mixes with vapor-free FGF at the ratio set by the 
vapor control dial to give the desired final concentration.

In contrast, the desflurane vaporizer lacks the vari-
able bypass. This is due to the fact that desflurane is a 
vapor at standard room temperature of 23°C. A measured 
amount of desflurane vapor is added to the FGF, which is 
controlled by the differential pressure transducer and the 
flow control valves.

K E Y FAC T S

• The temperature of a desflurane vaporizer is maintained 
by an active heating device.

• It lacks the variable bypass due to the fact that desflurane 
is a vapor at standard room temperature of 23°C.

R E F E R E N C E

Baum JA. New and alternative delivery concepts and techniques. Best 
Pract Res Clin Anaesthesiol. 2005;19(3):415–28.

23. ANSWER: C

The efficiency of the circle system depends on the ability 
of the CO

2
 absorbent used to consistently remove the CO

2
 

from the expired gases. The sodalime forms carbonates of 
sodium and calcium as the alkalis (NaOH and Ca(OH)

2
) 

react with the carbonic acid (produced by the CO
2
 react-

ing with water). As the sodalime reaches exhaustion, there 
is accumulation of carbonic acid, which changes the color 
of the indicator dye from white to purple. With time 
there is some regeneration of alkalis, which changes the 
color back to white.

Baralyme is unsafe, as it has been shown to cause fire 
with sevoflurane due to some ill-defined chemical reaction. 
Also both sodalime and baralyme can produce a significant 
amount of carbon dioxide by degrading the halogenated 
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inhalational agents like desflurane, enflurane, and isoflu-
rane; the risk increases if the absorbers were run dry with 
high rates of fresh gas flow.

Amsorb Plus is the only currently available product in 
the United States. This does not have the strong alkalis like 
the sodalime. The color change on exhaustion is permanent 
with no regeneration. Amsorb Plus has CaCl

2
, which is 

a humectant that helps to produce more water. Amsorb 
Plus does not produce Compound A  on reaction with 
sevoflurane.

K E Y FAC T S

• The sodalime forms carbonates of sodium and calcium 
as the alkalis (NaOH and Ca(OH)

2
) react with the 

carbonic acid.
• Baralyme is unsafe, as it has been shown to cause fire 

with sevoflurane.
• Amsorb Plus has CaCl

2
, which is a humectant that helps 

to produce more water. Amsorb Plus does not produce 
Compound A on reaction with sevoflurane.

R E F E R E N C E S

Coppens MJ, Versichelen LF, Rolly G, Mortier EP, Struys MM. The 
mechanisms of carbon monoxide production by inhalational agents. 
Anaesthesia. 2006;61(5):462–8.

Miller RD, Pardo M. Basics of Anesthesia. 6th ed. Philadelphia, 
PA: 2011.

24. ANSWER: D

The pulse oximeter works on the principle of differential 
absorption of red and infrared lights by hemoglobin and 
oxyhemoglobin. The transmitter emits two different wave-
lengths (930 nm and 660 nm) of light and the receiver, if 
positioned across the tissue of interest, receives the trans-
mitted light after absorption by the hemoglobin molecules. 
There could be interference from ambient light, movement, 
and from the “penumbra effect,” when the probe is too big 
for the finger (using an adult probe on an infant finger).

Intravenous dyes like methylene blue and indocya-
nine green can artificially lower the saturation values. 
Methemoglobinemia also reduces the saturation values, 
whereas carboxyhemoglobin causes increase in the satu-
ration values. Increased levels of Copper(II) porphyrin, 
seen in bronze baby syndrome, has been shown to decrease 
the saturation value. Isosulfan blue, a dye used in identifica-
tion of sentinel lymph nodes, is also shown to decrease the 
saturation readings.

Bilirubinemia, sickle cell disease, and fetal hemoglobin 
have minimal or no effect on pulse oximeter values.

K E Y FAC T S

• Methemoglobinemia reduces pulse oximeter saturation 
values.

• Carboxyhemoglobin increases pulse oximeter saturation 
values.

R E F E R E N C E

Coté CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for 
Infants and Children. 5th ed. Philadelphia, PA:  Saunders; 
2013:1116–7.

25. ANSWER: D

When using volume-controlled ventilation, older 
anesthesia machines deliver variable minute volumes 
depending on the set fresh gas f low since the fresh gas 
f low gets added to the ventilator output. The newer 
machines avoid this by decoupling the fresh gas f low 
and ventilator output. So changes in set fresh gas 
f lows do not affect the ventilator-delivered minute 
ventilation.

The fresh gas decoupling is done by a valve located 
between the fresh gas inflow and the ventilator circuit, 
which diverts the fresh gas flow to the reservoir bag 
during inspiration and back into the ventilator circuit 
during expiration; the expiratory valve also opens dur-
ing expiration, removing the excess gases into the scav-
enging system. Figure 2.4 explains the function of the 
fresh gas decoupling valve both in inspiration (A)  and 
expiration (B).

Older anesthesia ventilators do not have compliance 
compensation, which is the fraction of the delivered tidal 
volume that can be lost in mechanical components of the 
breathing system. Newer anesthesia ventilators not only 
have the ability to quantify the compliance of the breathing 
system but also can augment the delivered minute volume 
to compensate for that lost in the mechanical compliance of 
the breathing system.

K E Y FAC T S

• Newer anesthesia machines have a decoupled fresh 
gas flow and ventilator output so that the set fresh gas 
flow does not affect the ventilator-delivered minute 
ventilation.

• The fresh gas decoupling is done by a valve located 
between the fresh gas inflow and the ventilator circuit, 
which diverts the fresh gas flow to the reservoir bag 
during inspiration and back into the ventilator circuit 
during expiration.
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Figure 2.4 Explains the function of the fresh gas decoupling valve both in inspiration and expiration. (From Gunter JB, Ball J, Than-Win 
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R E F E R E N C E

Coté CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:1113.

26. ANSWER: D

Where the pulse oximeter is a useful trend of pulmonary 
function, cerebral oximetry trends the ratio of regional oxygen 
delivery and utilization and thus helps to detect cerebral isch-
emia. There is no standard of care for the use of NIRS-based 
cerebral oximetry in pediatric anesthesia, although it has its 
greatest presence in pediatric cardiac anesthesia.

Like pulse oximetry, near infrared spectroscopy 
(NIRS) uses the similar principle of light absorption by 
chromophores in the blood and tissues, namely hemoglo-
bin, oxyhemoglobin, and cytochrome aa3. Both suffer from 
movement artifact and ambient light artifact.

Both use lights of different wavelengths, emitted by 
transmitters.

NIRS measures reflected light from arterial, venous, 
and capillary hemoglobin, whereas the pulse oximeter 
relies only on the pulsatile component; thus, NIRS has the 
higher signal strength than the pulse oximeter, as there 
is no need to subtract the pulsatile component. NIRS can 
be used as a monitor of regional organ oxygen saturation 
not just for the brain but also in other tissues like kidneys, 
free flaps, spinal cord, and so on.

K E Y FAC T S

• Near infrared spectroscopy (NIRS) uses the similar 
principle of light absorption by chromophores in the 
blood and tissues, namely hemoglobin, oxyhemoglobin, 
and cytochrome aa3.

• NIRS measures reflected light from arterial, venous, and 
capillary hemoglobin, whereas the pulse oximeter relies 
only on the pulsatile component.

• NIRS has the higher signal strength than the pulse 
oximeter, as there is no need to subtract the pulsatile 
component.

R E F E R E N C E

Kasman N, Brady K. Cerebral oximetry for pediatric anesthe-
sia:  why do intelligent clinicians disagree? Paediatr Anaesth. 
2011;21(5):473–8.

27. ANSWER: B

In the linear array ultrasound transducer, the piezo-
electric crystals that transmit and receive the ultrasound 

beams are arranged in a linear fashion and are sequen-
tially fired, producing a rectangular image. Since there 
is minimal divergence of the beams, this has the best lat-
eral resolution.

Axial resolution is the ability to distinguish two 
objects that lie in a plane parallel to the direction of the 
US beam. Higher frequency transducers have better axial 
resolution.

Lateral resolution is the ability to distinguish two 
objects that lie in a plane perpendicular to the direc-
tion of the US beam. Lateral resolution is related to the 
US beam width. The narrower the US beam width, the 
greater the lateral resolution. High-frequency probes have 
narrower beam width, which allows for better lateral 
resolution.

The position of the narrowest part of the beam can be 
adjusted by changing the focal zone.

The curved surface of the curvilinear probes produces 
a wider image as the beams diverge from the probe. The 
divergent beam lacks the lateral resolution, mostly at the far 
field, due to loss of energy.

In the phased array transducer the beam diverges from 
a single point in the transducer, creating a much wider 
image. This enables the footprint to be small enough to 
place between the ribs and so it is used for transthoracic 
echocardiography.

K E Y FAC T S

• In the linear array ultrasound transducer, the 
piezoelectric crystals are arranged in a linear fashion and 
are sequentially fired, producing a rectangular image.

• Because there is minimal divergence of the beams, the 
linear array transducer has the best lateral resolution.

R E F E R E N C E S

Arbona FL, Khabiri B, Norton JA. Ultrasound basics for the busy nov-
ice practitioner. Int Anesthesiol Clin. 2011;49(4):34–51.

Coté CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:914–5.

28. ANSWER: D

Processed EEG monitoring relies on the principle of 
monitoring changing EEG waves of different ampli-
tudes and frequencies at different states of awareness, 
wakefulness, light sleep, and deep sleep. Though there 
are studies to show strong validation of correlation of depth 
of anesthesia in adults, with different methods of moni-
toring of processed EEG signals, the evidence in pediatric 
anesthesia is lacking. One of the reasons is that the EEG 
signal characteristics are age specific; from infancy to 
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adolescence, different EEG waveforms are predominant 
at different stages of development:

• From birth to 2 months: Sleep spindles appear.
• From 3 to 5 months: alpha rhythm, with increasing 

frequency: from 4–6 Hz initially to 8–9 Hz by the 
age of 3.

• From 3 to 10 years: Alpha rhythm becomes more 
important and abundant, with voltage up to 60 μV, with 
an increasing reactivity; slow waves disappear, although 
they are seen occasionally in certain individuals in 
posterior leads.

• From 10 to 14 years: ample alpha rhythm, limited 
abundant theta, and slow patterns becoming less evident 
or more organized as posterior slow waves.

• From 14 to 19 years: Alpha rhythm predominates with 
reduced voltage to adult levels (50 μV), theta becomes 
more discreet, and posterior slow waves disappear. 
Asymmetry diminishes from its prior prominence in the 
very young.

• After 19 years: The tracing is that of the adult, although 
there may remain some theta activity. Posterior slow 
waves have generally disappeared.

It is important to note the ASA task force statement on the 
use of these processed EEG monitors for adult patients:

Intraoperative monitoring of depth of anesthesia, for 
the purpose of minimizing the occurrence of aware-
ness, should rely on multiple modalities, includ-
ing clinical techniques (e.g., checking for clinical 
signs such as purposeful or reflex movement) and 

conventional monitoring systems (e.g., electrocardio-
gram, blood pressure, heart rate, end-tidal anesthetic 
analyzer, capnography). The use of neuromuscular 
blocking drugs may mask purposeful or reflex move-
ments and adds additional importance to the use of 
monitoring methods that assure the adequate deliv-
ery of anesthesia. . . . It is the consensus of the Task 
Force that brain function monitoring is not routinely 
indicated for patients undergoing general anesthe-
sia, either to reduce the frequency of intraoperative 
awareness or to monitor depth of anesthesia.

K E Y FAC T S

• Processed EEG monitoring relies on the principle of 
monitoring changing EEG waves of different amplitudes 
and frequencies at different states of awareness, 
wakefulness, light sleep, and deep sleep.

• The evidence for accurately processed EEG signals 
in pediatric patients under anesthesia is currently 
lacking.

R E F E R E N C E S

Constant I, Sabourdin N. The EEG signal:  a window on the cortical 
brain activity. Paediatr Anaesth. 2012;22(6):539–52.

Coté CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:1122–3.

Practice advisory for intraoperative awareness and brain function 
monitoring: a report by the American Society of Anesthesiologists 
Task Force on Intraoperative Awareness. Anesthesiology. 2006 
Apr;104(4):847–64.
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3
PHA R M ACOLOGY

Lauren R. Kelly Ugarte, Daniel Agne, and Chul-Kyun Park

1. Infants may respond differently to medication dos-
ages compared to adults because:

A. Infants have increased levels of albumin compared to 
adults.

B. The degree of protein binding of medications in 
infants is more than in adults.

C. There is increased free fraction of protein-bound 
medications compared to adults.

D. Alpha-1-acid glycoprotein concentration in infants is 
relatively higher than in adults.

2. Inhalation induction is more rapid in infants than in 
adults because infants have:

A. A greater fraction of cardiac output to the 
vessel-rich group

B. A decreased alveolar ventilation to functional 
residual capacity ratio

C. A decreased cardiac output.
D. An increased blood/gas solubility

3. Which patient requires the highest minimum alveo-
lar concentration (MAC) of isoflurane?

A. A preterm neonate born at 35 weeks gestation on day 
of life 7

B. A full-term neonate on day of life 1
C. A full-term infant at 3 months of age
D. A 5-year-old child

4. Which patient requires the highest MAC of 
sevoflurane?

A. A full-term newborn on day of life 1
B. A former 32-week preterm infant at 1 year of age
C. A 5 year old
D. A 15 year old

5. A  2-year-old child with chronic rhinorrhea, upper 
respiratory infections, and partial nasal occlusion pres-
ents for an adenoidectomy. The most rapid and safe 
inhalation induction in this child prior to intubation 
for the adenoidectomy would include inhalation of:

A. 6% Sevoflurane with 2 L/min nitrous oxide and  
2 L/min oxygen

B. 8% Sevoflurane with 4 L/min oxygen
C. 6% Desflurane with 2 L/min nitrous oxide and  

2 L/min oxygen
D. 3 L Nitrous oxide and 1 L/min oxygen

6. Which medication is least likely to cross the 
blood–brain barrier in a 1-month-old infant?

A. Morphine
B. Fentanyl
C. Atropine
D. Neostigmine

7. An otherwise healthy 7-year-old child fell from his 
bike and sustained a significant head injury because he 
was not wearing a helmet. After 2  days of being intu-
bated and sedated in the intensive care unit (ICU), his 
urine becomes dark and his labs show metabolic acido-
sis and increased potassium levels. The most likely cause 
of this is related to:

A. Dexmedetomidine infusion used for continuous 
sedation

B. Propofol infusion used for continuous sedation
C. Succinylcholine used for initial intubation
D. Midazolam used with intermittent bolusing for 

sedation

8. A 4 kg, 6-week-old infant with several days of vom-
iting has been diagnosed with pyloric stenosis. The 
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patient has been adequately resuscitated and brought to 
the operating room for a laparoscopic pyloromyotomy. 
The most appropriate analgesic for postoperative pain 
control is:

A. Remifentanil 2 µg/kg IV
B. Morphine 0.05 mg/kg IV
C. Ketorolac 0.25 mg/kg IV
D. Acetaminophen 40 mg/kg PR

9. A 3-year-old girl was playing with her sister’s piggy-
bank after dinner when she began drooling, crying, 
and coughing with some difficulty breathing. She is 
brought to the operating room to remove a foreign body 
from her esophagus. Her family history is significant 
for her mother and sister being “slow to wake up” with 
prolonged intubations from “an anesthesia medica-
tion” after tonsillectomies. Which medication should 
be avoided in this patient?

A. Succinylcholine
B. Remifentanil
C. Cistaracurium
D. Propofol

10. Succinylcholine is contraindicated for intubation in 
which of the following cases?

A. A 10-year-old child with Moyamoya disease who 
suffered a stroke 2 months ago without residual 
hemiparesis for tonsillectomy

B. A 2-year-old child who pulled a boiling pot off the 
stove and suffered a burn 2 hours ago requiring 
irrigation and debridement

C. A 3-year-old child with central core disease who 
requires a G-tube

D. A 6-year-old child with cerebral palsy, decreased 
function of the left lower extremity for tendon 
surgery

11. Many medications prolong neuromuscular block-
ade. Which of the following statements is true?

A. Steroids decrease the duration of neuromuscular 
blockade.

B. Aminoglycosides do not contribute to prolonged 
neuromuscular blockade.

C. Inhalational anesthetics increase metabolism of 
neuromuscular blockers and shorten the action of 
nondepolarizers.

D. Dexmedetomidine does not potentiate 
neuromuscular blockade in humans.

12. A  neonate status-post esophageal atresia repair is 
intubated in the neonate intenstive care unit (NICU) 

and sedated with a fentanyl infusion. An appropriate 
dose of a medication is been given as a bolus and causes 
profound hypotension. Which medication is most 
likely implicated?

A. Fentanyl
B. Midazolam
C. Vecuronium
D. Pancuronium

13. A 10 kg, 1-year-old boy presents for a circumcision 
revision. Following an inhalation induction, IV access, 
and placement of a laryngeal mask airway (LMA), 
cefazolin is given as per surgeon request, which is infus-
ing during the penile blockade. Suddenly, you notice a 
decrease in end tidal CO

2
, decreased saturation, and dif-

ficulty with ventilation through the LMA. Blood pres-
sure decreases by 10%. The electrocardiogram (EKG) 
remains normal. Which intervention is indicated to 
help with the clinical picture?

A. 10% Intralipid 2 mL/kg IV
B. 100 mg IV diphenhydramine
C. 5 µg IV epinephrine
D. 100 mg IV methyprednisolone

14. A  7-year-old girl with epilepsy was just started on 
a new antiepileptic medication and is presenting for a 
bilateral ureteral reimplant for vesicoureteral reflux. 
Which of the following statements about preoperative 
testing necessity is true?

A. A platelet count should be checked if the patient’s 
home medication is lamotrigine

B. A serum sodium level should be checked if the 
patient’s home medication is valproic acid

C. A serum sodium level should be checked if the 
patient’s home medication is carbamazepine

D. A platelet count should be checked if the patient’s 
home medication is levitiracetam

15. A 14-year-old girl with recurrent urinary tract infec-
tions (UTIs) is started on sulfamethoxazole and trim-
ethoprim. She soon develops a rash and itchiness in her 
throat. Her antibiotic is changed and she is improving. 
Which of the following medications should be avoided 
in this patient in the future?

A. Celecoxib
B. Latex
C. Nitrofurantoin
D. Ketorolac

16. A 2-year-old boy presenting for an inguinal hernia 
repair has a strong family history of G6PD deficiency. 
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He has not been tested for the disease, but his preop-
erative labs are within normal limits and his physical 
examination is unremarkable. Which anesthetic medi-
cation contributes to oxidative stress?

A. Sevoflurane
B. Fentanyl
C. Propofol
D. None of the above

17. A  6-year-old boy with adenotonsillar hypertrophy 
and recurrent throat infections presents for tonsillec-
tomy/adenoidectomy. The patient’s history is remark-
able only for familial long QT syndrome, for which he 
takes propanolol. Which medication would you avoid 
administering to him?

A. Oral midazolam
B. Succinylcholine
C. Propofol
D. Isoflurane

18. Which of the following is true regarding ketamine?

A. It cannot be given PO, PR, and IM.
B. It may cause excess salivation with bronchodilation 

while diminishing respiratory protective reflexes.
C. It cannot be used for rapid sequence induction in 

neonates.
D. Children are at lower risk for hallucinations and 

delirium than adults.

19. Which of the following medications is approved for 
perioperative pediatric use by the FDA?

A. Dopamine
B. Neostigmine
C. Succinylcholine
D. Ondansetron

20. A  15  kg child is coming in for inguinal hernior-
rhaphy. The general surgeon ordered an antibiotic for 
surgical infection prophylaxis. Which of the following 
intravenous antibiotic dosages is correct?

A. Ampicillin 25 mg/kg
B. Cefazolin 10 mg/kg
C. Clindamycin 10 mg/kg
D. Vancomycin 100 µg/kg

21. Which of the following skin-cleaning preparations 
is most appropriate for a spinal?

A. No skin cleaning preparation is needed.
B. 0.5% povidone-iodine

C. 0.5% chlorhexidine gluconate in 70% isopropyl 
alcohol

D. 10% isopropyl alcohol

22. Which of the following is true regarding ototoxicity 
of medications in neonates?

A. Aminoglycoside ototoxicity is higher in neonates 
than adults.

B. Rapid bolus administration of furosemide in the 
neonate causes less ototoxicity than the same dose 
given over several hours and has a better diuretic 
effect.

C. Ototoxicity due to diuretic administration in the 
neonate is often permanent.

D. The risk of hearing loss in neonates exposed to 
aminoglycosides has been found to be about 1.5%.

23. Which statement regarding local anesthetics is true?

A. Bupivacaine levels may be increased after repeated 
dosing in neonates compared to adults due to higher 
protein binding and higher clearance in neonates.

B. Bupivacaine is often used in neonatal regional 
anesthesia.

C. EMLA cream may reverse methemoglobinemia in 
neonates.

D. High levels of absorbed EMLA cream pose no risk 
of seizures in neonates.

24. Which of the following statements regarding dexa-
methasone use in pediatric patients is true?

A. Dexamethasone is not associated with avascular 
necrosis of the femoral head.

B. Dexamethasone has no effect on postoperative pain 
after tonsillectomy.

C. Dexamethasone increases postoperative nausea and 
vomiting in toddlers.

D. Dexamethasone has been associated with increased 
bleeding after tonsillectomy.

25. Critical incidents in pediatric anesthesia often 
involve medication errors. What is true regarding 
anesthesia-related medication error risks?

A. Giving a bolus on an infusion line may cause an 
unwanted drug effect.

B. Duplicate dosing of medications between the wards 
and the operating room is an uncommon issue in 
pediatric anesthesia.

C. Adults are subjected to more dosage errors than 
children.

D. Communication among care providers does not 
decrease drug errors.
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26. When comparing term neonatal body composi-
tion to adult body composition, which of the following 
parameters increases as age increases?

A. Total body water (% body weight)
B. Extracellular fluid (% body weight)
C. Intracellular water (% body weight)
D. Total blood volume (mL/kg)

27. Hepatic clearance of fentanyl is most dependent on 
which of the following?

A. Hepatic blood flow
B. Plasma drug concentration
C. Induction of hepatic enzymes
D. Lipid solubility

28. A 1-year-old male is evaluated for pain in the recov-
ery room after inguinal hernia repair. After a single 
dose of fentanyl the patient appears comfortable within 
minutes. An hour after the dose of fentanyl the patient 
appears uncomfortable again, and you decide to give 
morphine for longer duration of pain control. After a 
dose of morphine you notice it takes about 10 minutes 
before the patient appears comfortable. The rapid onset 
of fentanyl compared with morphine is secondary to:

A. Immature blood–brain barrier
B. Higher protein binding of morphine compared to 

fentanyl
C. Higher nonionized fraction of fentanyl compared to 

morphine
D. Higher lipid solubility of fentanyl compared to 

morphine

29. When comparing acetaminophen to ketorolac, which 
of the following characteristics is specific to ketorolac?

A. Opioid sparing effect
B. Anti-inflammatory effect
C. Inhibition of cyclooxygenase
D. Antipyretic effect

30. A  5-year-old male with a history of postoperative 
delirium/agitation after ear tube placement is sched-
uled to undergo a tonsillectomy and adenoidectomy. 
You plan on giving dexmedetomidine in an attempt 
to prevent postoperative delirium. The mechanism of 
action of dexmedetomidine most closely resembles 
which drug?

A. Midazolam
B. Ketamine
C. Clonidine
D. Propofol

31. In reference to question 30 above, the most likely 
side effect of dexmedetomidine is:

A. Apnea
B. Hypotension
C. Shivering
D. Tachycardia

32. An increase in which neonatal variable best explains 
the more rapid rise of the alveolar to inspired anes-
thetic partial pressures (F

A
/F

I
) in neonates compared to 

adults?

A. Alveolar ventilation to functional residual 
capacity ratio

B. Blood gas partition coefficient
C. Brain blood partition coefficient
D. Cardiac output

33. Which statement best describes sevoflurane 
pharmacodynamics?

A. MAC is highest at 8 months of age
B. MAC is less than additive with N

2
0 in infants

C. Sevoflurane is more potent than isoflurane
D. Sevoflurane is less potent than desflurane

34. The most relevant reason why desflurane is not com-
monly used for mask induction is because of:

A. Prolonged duration in stage II during induction
B. Tachycardia and hypertension during induction
C. Increased risk of laryngospasm
D. Increased risk of emergence delirium

35. Which opioid has a greater clearance in the neonatal 
period?

A. Fentanyl
B. Hydromorphone
C. Alfentanil
D. Remifentanil

36. An 8-year-old male with cerebral palsy and a history 
of lower-extremity contractures is undergoing adductor 
and psoas tendon lengthening. What is the most likely 
response to neuromuscular blockade?

A. Hyperkalemic response to succinylcholine
B. Resistance to nondepolarizing muscle relaxants
C. Sensitivity to nondepolarizing muscle relaxants
D. Resistance to succinylcholine

37. A 7-year-old male with a 22-gauge peripheral IV in 
place is scheduled to have removal of hardware after an 
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ORIF of a humerus fracture he sustained 1 year ago. He 
states that he is scared because it “burned his arm” when 
he went to sleep last time. The most effective prophylac-
tic treatment for pain with propofol injection is:

A. IV fentanyl prior to propofol
B. IV lidocaine mixed with propofol
C. IV lidocaine with tourniquet on prior to propofol
D. Cold packs on the arm

38. A  20  kg, 5-year-old female presents for a left foot 
cuboid osteotomy. You plan on placing a popliteal-sciatic 
nerve block. Which of the following exceeds the maxi-
mum dose of local anesthetic in this patient?

A. 9 cc 0.5% ropivacaine
B. 9 cc 2% lidocaine with epinephrine 1:200,000
C. 15 cc 0.25% bupivacaine
D. 15 cc 0.25% bupivacaine with epinephrine 

1:200,000

39. A  4-year-old male undergoing strabismus repair 
receives ondansetron at the end of surgery for postop-
erative nausea and vomiting (PONV) prophylaxis. The 
antiemetic effect of ondansetron is mediated by:

A. Central agonist of the 5-HT
3
 receptor and H

1
 

receptor
B. Central and peripheral antagonist of the 5-HT

3
 

receptor
C. Mixed agonist/antagonist of 5-HT

3
 and 5-HT

4

D. Central antagonist of the Neurokinin-1 receptors

40. A  4-year-old female with history of asthma and 
eczema is scheduled for umbilical hernia repair. She 
underwent an inhalation induction and placement of 
an endotracheal tube. Manual bag ventilation becomes 
difficult, requiring elevated peak pressures. Wheezing 
is heard bilaterally and a rash is seen on the patient’s 
trunk. You notice that the blood pressure has dropped 
and believe that the patient is having an anaphylactic 
reaction. After calling for help and administering 100% 
oxygen the next best step is giving which medication?

A. Hydrocortisone
B. Diphenhydramine
C. Epinephrine
D. Albuterol

41. For a 20 kg patient undergoing an awake fiberoptic 
intubation, 3 mL of 4% lidocaine was given via nebuli-
zation. The patient’s SpO

2
 suddenly becomes 85%, and 

the patient starts to complain about having difficulty 
breathing. Heart rate and blood pressure are normal. 
What is the next step you should take?

A. Administer sodium thiosulfate.
B. Administer epinephrine.
C. Administer methylene blue.
D. Draw arterial blood gas.

42. A  2-year-old girl is brought to the hospital after 
being injured in a car accident. Her pupils are of differ-
ent size. The surgeon asks you to administer mannitol. 
What is the risk of giving a bolus of mannitol over 5 
minutes?

A. Brain herniation
B. Hypo-osmolality
C. Hyponatremia
D. Hypotension

43. What medication should be avoided during emer-
gent craniotomy?

A. Hypertonic saline
B. Thiopental
C. Ketamine
D. Midazolam

44. A  3-year-old girl is presenting for vesicoureteral 
reflux needing ureteral reimplantation. General anes-
thesia is induced by mask with sevoflurane, an endotra-
cheal tube is placed, and anesthesia is maintained with 
sevoflurane. What is the best postoperative pain man-
agement for this patient?

A. Hydromorphone 10 µg/kg bolus
B. Caudal block with 0.25% bupivacaine, 0.5 mL/kg
C. Caudal block with 0.25% bupivacaine, 1 mL/kg
D. Caudal block with 0.25% bupivacaine, 1.25 mL/kg

45. You are in the postanesthesia care unit (PACU) and 
see a patient vomiting. The bedside nurse informs you 
that the patient is a 14-year-old girl who just had inner 
ear surgery, and she has been vomiting since she woke 
up from anesthesia. She has received dexamethasone 
and ondansetron during the procedure. The nurse asks 
you what pharmacological treatment she should give 
next. What medication should you order?

A. Dexamethasone
B. Ondansetron
C. Metoclopramide
D. Promethazine

46. Which protein is primarily involved for protection 
of systemic toxicity from local anesthetics?

A. Serum albumin
B. Elastin
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C. C-Reactive proteins
D. Alpha-1-acid glycoproteins

47. A 5-year-old girl with Trisomy 21 is coming in for 
an abdominal procedure. The patient has narrow-angle 
glaucoma. Which of these medications can be safely 
used for this patient?

A. Glycopyrrolate
B. Atropine
C. Scopolamine
D. Pilocarpine

48. A healthy 10-year-old, 40 kg patient is scheduled for 
anterior cruciate ligament (ACL) repair. During injec-
tion of local anesthetic for femoral nerve block, the 
patient suddenly starts to have convulsions. You suspect 
that the patient has systemic toxicity from local anes-
thetic. What would be your next step of action?

A. Administration of lipid emulsion 10%, 40 mL
B. Administration of lipid emulsion 10%, 60 mL
C. Administration of lipid emulsion 20%, 40 mL
D. Administration of lipid emulsion 20%, 60 mL

49. You are performing a rapid sequence induction on a 
full stomach patient with succinylcholine and propofol. 
After successful intubation, you decide to paralyze the 
patient with a second dose of succinylcholine prior to 
incision. What physiological signs are more likely to be 
seen after the second administration of succinylcholine?

A. Bradycardia
B. Tachycardia
C. Hypertension
D. Hypotension

50. Compared to older children, how does rocuroni-
um’s onset of action and duration differ in infants, 
respectively?

A. Same as children; shorter than children
B. Faster than children; shorter than children
C. Slower than children; longer than children
D. Slower than children; shorter than children

51. A  patient presents with an inguinal hernia repair. 
During the interview, you obtain information from his 
parents that the patient has never undergone any type of 
surgeries and he gets a rash when given egg whites but not 
to egg yolk. Parents inform you that they have both had 
surgeries without any problems. How will you proceed?

A. Cancel surgery
B. Cancel surgery and send patient for skin prick testing.

C. Proceed with surgery but do not use propofol.
D. Proceed with surgery and use propofol.

52. You are consulted by a PICU physician regarding 
a 2-year-old patient who presented with high fever and 
seizures. The patient was intubated 2 days ago and has 
been on midazolam, propofol, and vecuronium infu-
sion. She has suddenly developed metabolic acido-
sis and hyperkalemia. You suspect propofol infusion 
syndrome (PRIS). What is the known risk factor for 
developing PRIS?

A. Propofol infusion at 50 µg/kg per minute for  
2 days

B. Patients with defect in lipid metabolism
C. Patients with seizure disorders
D. Patients with kidney disease

53. You are scheduled to perform scoliosis surgery on 
a 13-year-old boy with seizure disorder, acne, gastro-
esophageal reflux disease (GERD), and a history of 
liver transplant. He is on carbamazepine, erythromy-
cin, omeprazole, and cyclosporine. After achieving 
muscle relaxation with rocuronium (1.2 mg/kg), the 
patient is successfully intubated. Twenty minutes later, 
as you are about to turn the patient prone, the patient 
starts to move again. Which drug explains why the 
patient moved?

A. Carbamazepine
B. Erythromycin
C. Omeprazole
D. Cyclosporine

54. Compared to other opioids, what is the characteris-
tic that is different for a single bolus of remifentanil in 
neonates?

A. Smaller volume of distribution
B. Faster onset
C. Longer duration
D. Shorter half-life

55. An opiate-naïve patient complains that codeine 
that has been prescribed does not have any effect on her 
pain control. What metabolism process does codeine 
undergo?

A. Codeine is metabolized by CYP 2D6 to 
oxymorphone.

B. Codeine is metabolized by CYP 2D6 to 
hydromorphone.

C. Codeine is metabolized by CYP 2D6 to  
morphine.

D. Codeine is metabolized by CYP 2D6 to oxycodone.
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C H A P T E R   3  A N S W E R S

1. ANSWER: C

Infants have immature livers, which do not produce 
the same amount of proteins, including albumin, 
as the mature liver (A). Many medications will bind to 
these proteins, so the degree of protein binding of 
medications in infants is less than adults, thereby 
increasing the free form of medications (B) (unbound 
medication). Also, many medications that are highly 
protein bound in adults have less affinity in children. 
Therefore, for a given dose, neonates will have more 
free and available active drug levels for pharmacologic 
action. Along the same lines, alpha-1-acid glycoprotein 
concentration is less in infants than in adults (D); 
therefore, medications that bind alpha-1-acid glycopro-
teins (i.e., lidocaine and alfentanil) will be more in the 
free form in infants (C).

K E Y FAC T S

• Infants produce less albumin and alpha-1-acid 
glycoprotein than adults.

• Infants have a decreased degree of protein binding of 
medications; therefore, the free form of medications is 
increased.

S UG G E S T E D  R E A DI N G

Cote CJ, Lerman J, Ward RM, Lugo RA, Goudsouzian N. 
Pharmacokinetics and Pharmacology of Drugs Used in Children. 
In:  Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia 
for Infants and Children. 4th ed. Philadelphia, PA:  Saunders; 
2008:90–1.

2. ANSWER: A

The rate of inhalational anesthetic uptake is directly related 
to the ratio of alveolar ventilation (Av) to functional residual 
capacity (FRC). The higher the Av/FRC ratio, the more 
rapid the rate of anesthetic rise and effect. Children have 
three times the alveolar ventilation compared to adults, and 
this increased minute ventilation results in a more rapid 
inhalation induction (B). Infants have a decreased FRC 
compared to adults, which also increases the Av/FRC 
ratio. Infants have a higher cardiac output than adults (C). 
However, the rate of rise of an inhaled anesthetic is inversely 
related to changes in cardiac output, meaning lower cardiac 
output leads to a faster induction. Neonates have a para-
doxical reaction to inhaled anesthetics in that they have 
a high cardiac index and a quick response to induction 
with inhaled anesthetics. This may be attributed to the 
18% compared to 8% proportion of the cardiac output that 

infants send to the vessel-rich group compare to adults (A). 
Also, the solubility of inhaled agents (D) is less in neo-
nates in comparison to adults, which is contributed to a 
rapid wash-in, and lower levels of cholesterol and proteins 
in the blood.

K E Y FAC T S

• Infants undergo a more rapid inhalation induction 
because of an increased alveolar ventilation, increased 
minute ventilation, and decreased FRC in comparison to 
adults.

• The solubility of inhaled agents is decreased in neonates 
in comparison to adults, contributing to a rapid 
wash-in, and lower levels of cholesterol and proteins in 
the blood.

R E F E R E N C E

Cote CJ, Lerman J, Ward RM, Lugo RA, Goudsouzian N. 
Pharmacokinetics and Pharmacology of Drugs Used in Children. 
In:  Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia 
for Infants and Children. 4th ed. Philadelphia, PA:  Saunders; 
2008:102–3.

3. ANSWER: C

The MAC of isoflurane reaches its peak at 1–6 months 
of age. There is a steady increase to peak from <32 weeks 
postconceptual age and a steady decline thereafter.
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Figure 3.1 The minimum alveolar concentration (MAC) of isoflurane. 
(Reprinted with permission from Cote CJ, Lerman J, Todres ID, eds. 
A Practice of Anesthesia for Infants and Children. 4 ed. Philadelphia, 
PA: Saunders; 2009:107.)
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R E F E R E N C E S

Cameron CB, Robinson S, Gregory GA. The minimum anesthetic con-
centration of isoflurane in children. Anesth Analg. 1984;63:418–20.

Cote CJ, Lerman J, Ward RM, Lugo RA, Goudsouzian N. 
Pharmacokinetics and Pharmacology of Drugs Used in Children. 
In: Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th ed. Philadelphia, PA: Saunders; 2008:107. 
(See Figure 6–20)

LeDez KM, Lerman J. The minimum alveolar concentration (MAC) of 
isoflurane in preterm neonates. Anesthesiology. 1987;67:301–7.

4. ANSWER: A

The MAC of sevoflurane is greatest in full-term new-
borns. MAC is 0.1% less in infants 1–6 months of age and 
drops 25% to 2.5% from 6 months to 10 years of age. MAC 
for sevoflurane was determined with 100% oxygen, observ-
ing for response to a single skin incision.

R E F E R E N C E S
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(See Figure 6–22)

Lerman J, Sikich N, Kleinman S, Yentis S. The pharmacology of sevo-
flurane in infants and children. Anesthesiology. 1994;80:814–4.

5. ANSWER: B

Aside from halothane, sevoflurane is the least pungent 
inhalational anesthetic at 1 MAC. Sevoflurane is quite 
well tolerated for inhalation induction, and it may be dialed 

up to 8% for a healthy child during induction to “overpres-
sure” the circuit and increase the rate of induction (B). The 
spontaneously breathing child will self-regulate his 
or her breathing to decrease the risk of overdosing on 
this inhalational agent; that is, at higher dosages, there 
is decreased minute ventilation. This safety measure is lost 
once controlled ventilation is instituted.

The rapidity of achieving a MAC of sevoflurane is 
decreased with the addition of nitrous oxide. It has been 
shown that 60% nitrous oxide decreases the MAC of sevo-
flurane by 20% (A).

Desflurane is more irritating than sevoflurane and 
is therefore not commonly chosen for an inhalation 
induction. It also has an increased rate of respiratory 
complications (C). While being noncaustic and pleasant 
to inhale, nitrous oxide cannot reach 1 MAC and would 
be inadequate to achieve intubating conditions when 
used alone (D). It is, however, a useful adjunct to initially 
relax children during induction at 50%–70% inhalational 
levels prior to introducing the more potent-smelling 
sevoflurane.

R E F E R E N C E

Cote CJ, Lerman J, Ward RM, Lugo RA, Goudsouzian N. 
Pharmacokinetics and Pharmacology of Drugs Used in Children. 
In:  Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia 
for Infants and Children. 4th ed. Philadelphia, PA:  Saunders; 
2008:104–8.

6. ANSWER: D

Brain capillaries are impermeable to most ionized sub-
stances and macromolecules that are physically too 
large to pass through tight junctions between endothe-
lial cells. Also, brain capillaries lack the ability for pinocy-
tosis, thus decreasing the passage of many other substances 
into the brain. In the newborn, the blood–brain bar-
rier is not fully developed, and partially ionized medi-
cations, such as morphine, are able to cross into the 
brain (A). Due to its lipophilic nature, fentanyl is able to 
pass through the blood brain barrier in all age groups (B). 
Atropine crosses the blood–brain barrier at all ages and 
high doses contribute to the neurologic effects of atropine 
(C). These effects are described as making one “mad as a 
hatter” with behavioral abnormalities, hallucinations, and 
delirium. Neostigmine, with its quaternary ammonium 
group, is too large to pass through the blood–brain bar-
rier (D). This is important to be aware of in case there is 
a need to reverse the neurologic side effects of medications 
such as atropine and scopolamine. Reversal of neurologic 
effects of these medications is achieved with physostig-
mine, as it lacks a quaternary ammonium group and is 
able to cross the blood–brain barrier.
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Figure 3.2 The minimum alveolar concentration (MAC) of sevoflurane. 
(Reprinted with permission from Cote CJ, Lerman J, Todres ID, eds. 
A Practice of Anesthesia for Infants and Children. 4 ed. Philadelphia, 
PA: Saunders; 2009:108.)
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Meakin GH. Developmental Pharmacology. In: Holzman RS, Mancuso 
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Philadelphia, PA: Lippincott, Williams, & Wilkins; 2008.

Nair VP, Hinter JM. Anticholinesterases and anticholinergic drugs. 
Cont Ed Anesth Crit Care Pain. 2004;4(5):164–8.

7. ANSWER: B

The patient is most likely experiencing propofol infusion 
syndrome. The use of propofol for prolonged periods of 
time in pediatric ICUs is contraindicated due to a rare 
syndrome of metabolic acidosis, heart failure, lipid-
emia, rhabdomyolysis, and death (B). The exact cause is 
not known, but it is associated with higher dosing required 
for children, longer versus shorter infusions, and it is pos-
sibly linked to impaired fatty acid oxidation.

Though dexmedetomidine is only approved for infusions 
up to 24 hours in the United States, its side effects would 
not paint the clinical picture described in the question stem 
(A). Dexmedetomidine’s side effects are related to its func-
tion as an alpha-2 agonist and are cardiovascular in nature, 
include high or low blood pressure correlated with dosing, a 
decrease in heart rate associated with dosing, and significantly 
increased blood pressure when glycopyrrolate is given with it.

Succinylcholine may cause rhabdomyolisis if used 
for intubation in a patient with neuromuscular disease 
or malignant hyperthermia, or detrimental hyperkale-
mia in a patient with >8% of his or her body burned, pro-
longed sickness or limb disuse, decreased renal excretion of 
potassium, or those at risk of malignant hyperthermia (C). 
A newly denervated state in patients leads to prolifera-
tion of acetylcholine receptors in the muscles, which 
contributes to a large release of potassium from mus-
cles when succinylcholine is given. Clinically significant 
hyperkalemia does not occur until 1–3  days after a crush 
injury, stroke, or burn. In relation to the stem question, 
hyperkalemia and rhabdomyolysis would occur in an at-risk 
patient upon dosing of the medication and not appear 
2 days after a single dose of succinylcholine.

Midazolam used for sedation may lead to respiratory 
depression, especially when combined with opiates (D). It 
has also been associated with myoclonus and apnea in pre-
term NICU patients and may contribute to intraventricular 
hemorrhages but not the clinical picture noted in the stem.

K E Y FAC T S

• Prolonged infusion of propofol is contraindicated due to 
the risk of propofol infusion syndrome.

• Propofol infusion syndrome can lead to metabolic 
acidosis, heart failure, lipidemia, rhabdomyolysis, 
and death.

• A crush injury, stroke, or burn leads to increased release 
of potassium from muscles when succinylcholine is given 
1–3 days after the initial insult.
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Anesthesia. Philadelphia, PA:  Lippincott, Williams, & Wilkins; 
2008:26.

Mason KP, Lerman J. Review article:  Dexmedetomidine in chil-
dren:  current knowledge and future applications. Anesth Analg. 
2011;113(5):1129–42.

Ng E, Taddio A, Ohlsson A. Intravenous midazolam infusion for 
sedation of infants in the neonatal intensive care unit. Cochrane 
Database Syst Rev. 2012;6:CD002052.

8. ANSWER: D

Neonates with pyloric stenosis are very sensitive to 
opiate medications and can have postoperative apnea 
due to increased narcotic sensitivity (B). A laparoscopic 
approach to the pyloric stenosis uses small incisions that 
seem to be less painful than the open approach, and use 
of local anesthetics at the incision sites provides adequate 
relief. Remifentanil is a poor choice due to its rapid half-life 
and possible contribution to increased pain if a long-acting 
pain medication is not administered (A). While it is not an 
opiate, ketorolac’s safety in patients less than 6 months 
of age has not been confirmed and may not be ideal 
in this patient due to age and immature organ systems 
(C). Ketorolac also has significant affects on hema-
tologic, renal, and gastrointestinal (GI) function. 
Acetaminophen is an adequate analgesic for this proce-
dure and does not contribute to respiratory depression (D). 
Acetaminophen dosing ranges from 20 to 40  mg/kg  
PR perioperatively and a loading dose of 40 mg/kg is 
safe. Acetaminophen should not exceed 100 mg/kg  
total dosing per day due to risk of potentially fatal 
hepatic toxicity.

K E Y FAC T S

• Neonates with pyloric stenosis are very sensitive to 
opiate medications and can have postoperative apnea due 
to increased narcotic sensitivity.

• Ketorolac also has significant affects on hematologic, 
renal, and gastrointestinal (GI) function.
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• Acetaminophen dosing ranges from 20 to 40 mg/kg PR 
perioperatively and a loading dose of 40 mg/kg is safe. 
Acetaminophen should not exceed 100 mg/kg total 
dosing per day due to risk of potentially fatal hepatic 
toxicity.

R E F E R E N C E
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Children. 4th ed. Philadelphia, PA: Saunders; 2008:762.

9. ANSWER: A

This patient would be considered a full stomach and would 
require intubation for the endoscopic foreign body removal. 
A rapid sequence induction is indicated in this case to pre-
vent aspiration. Succinylcholine has a rapid onset and is rap-
idly metabolized, which makes it useful for a short case that 
does not require prolonged paralysis. However, it is possible 
that the patient’s family members have pseudocholinester-
ase deficiency, which would cause prolonged paralysis after 
an intubating dose of succinylcholine. This prolonged 
action of succinylcholine is due to an inherited lack of 
plasma cholinesterase, the enzyme that breaks down 
succinylcholine (A).

Remifentanil is hydrolyzed by nonspecific blood 
and tissue esterases and is not a substrate for plasma 
cholinesterase, so it can be considered for use in a rapid 
sequence induction for a short case (B). Of note, esmolol is 
also broken down by nonspecific cholinesterases, and butyr-
ylcholinesterase (pseudocholinesterase) does not play a sig-
nificant role in its breakdown. Cisatracurium is broken 
down by enzymatic hydrolysis independent of plasma 
cholinesterase and spontaneous degradation in plasma 
and tissue at normal body temperature, also known as 
Hofmann elimination, which accounts for 77% of total 
body clearance (C). Cisatraciurium can be used for a rapid 
sequence induction but requires a higher dose. Its duration 
of action would be longer than that of succinylcholine, but 
most patients should be able to be reversed with neostig-
mine in a timely fashion. Propofol is not contraindicated 
for this child (D).

K E Y FAC T S

• Prolonged action of succinylcholine can occur due to an 
inherited lack of plasma cholinesterase, the enzyme that 
breaks down succinylcholine.

• Remifentanil is hydrolyzed by nonspecific blood 
and tissue esterases and is not a substrate for plasma 
cholinesterase.

• Cisatracurium is broken down by enzymatic hydrolysis 
independent of plasma cholinesterase and spontaneous 
degradation in plasma and tissue at normal body 
temperature, also known as Hofmann elimination.

R E F E R E N C E S
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10. ANSWER: C

Central core disease is strongly correlated with malig-
nant hyperthermia risk, and patients with this should be 
managed with a clean technique, which includes the avoid-
ance of inhaled anesthetics (other than nitrous oxide) as 
well as depolarizing neuromuscular blockers such as succi-
nylcholine (C). Hyperkalemic response to succinylcholine 
may be exaggerated in certain patients and lead to cardiac 
arrest. This includes patients with unhealed skeletal mus-
cle injuries, crush injuries, extensive burns, stroke with 
disuse, bedbound patients, and spinal cord transections. 
Strokes or transient ischemia attacks that have no residual 
deficits such as decreased strength or limb use do not pose 
an increased threat of hyperkalemia (A). Also, timing of 
an injury or loss of use is important, as the risk for a 
hyperkalemic response increases with time and peaks 
a week or more after the initial insult. Accordingly, an 
injury just 2 hours old will not have a significant impact 
on potassium release from muscle or body cells, and there 
are no reports of this occurring in the first 48 hours after a 
burn (B). If greater than 8% of the body surface is burned, 
it places a patient at risk and most cardiac arrests in these 
patients have happened 20–50  days after the insult. The 
presumed mechanism of hyperkalemic response to 
succinylcholine in such patients is a proliferation of 
extra-junctional receptors and increased sites of potas-
sium leakage. This needs some time to develop. Although 
people with cerebral palsy may have disuse of their extrem-
ities, they are not susceptible to hyperkalemia if no addi-
tional injuries are sustained (D).
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K E Y FAC T S

• Central core disease is strongly correlated with 
malignant hyperthermia.

• Patients should be managed with a clean technique, 
which includes the avoidance of inhaled anesthetics 
(other than nitrous oxide) as well as depolarizing 
neuromuscular blockers such as succinylcholine.

R E F E R E N C E S
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11. ANSWER: D

Prolonged muscle weakness has been reported in intu-
bated ICU patients who receive neuromuscular block-
ing agents and corticosteroids (A). Many patients had no 
known risk factors for increased weakness, and such myopa-
thies were associated with elevated creatine kinase levels, with 
EMG studies showing myopathic changes, normal sensation 
and nerve conduction, and reduced deep tendon reflexes.

Aminoglycosides are known potentiators of neuro-
muscular blockage (B). This blockade cannot be reversed 
with medications such as neostigmine, but calcium may 
attenuate it as the antibiotics are involved in antagonizing 
calcium ions associated with propagation of nerve impulses.

Inhalational agents potentiate neuromuscular 
blockade in a dose-related fashion and also accelerate 
the onset of Phase II blockade (C). Desflurane may have 
a greater potentiating effect than sevoflurane. The mecha-
nism is not clear, but it may involve halogenated agents 
acting at the nicotinic receptor on the neuromuscular junc-
tion, which has a dose-dependent effect.

Dexmedetomidine produces muscle flaccidity in animal 
models, but there is no evidence that it potentiates neuro-
muscular blockade in humans (D).

K E Y FAC T S

• Prolonged muscle weakness has been reported in 
intubated ICU patients who receive neuromuscular 
blocking agents and corticosteroids.

• Aminoglycosides can potentiate the effect of 
neuromuscular blocking agents.

• Inhalational agents potentiate neuromuscular blockade 
in a dose-related fashion.

• Dexmedetomidine does not potentiate neuromuscular 
blockade in humans.
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12. ANSWER: B

There is an apparent interaction between midazolam 
and fentanyl in neonates when one medication is bolused 
during an infusion of the other that leads to profound 
hypotension (B). A fentanyl bolus upon a fentanyl infusion 
should not cause profound hypotension, if dosed appropri-
ately (A). This is common practice. Fentanyl is often chosen 
as an anesthetic adjunct in neonates and children for its 
cardiovascular stability, although it can be associated with 
decreased heart rate and chest wall/glottic rigidity when 
given in large boluses. Vecuronium is a muscle relaxant 
that typically lacks adverse cardiovascular effects, even 
when given in large doses several times the usual clinical 
dose (C). Pancuronium is often used with fentanyl due to 
their complementary side effects and would not be expected 
to cause profound hypotension in this case (D). There is an 
association of increased vagal tone with large boluses of 
fentanyl, which may affect cardiac output in neonates 
who depend on heart rate for cardiac output due to their 
fixed stroke volume. Pancuronium has a vagolytic effect, 
and this raise in heart rate would be beneficial in the setting 
of large fentanyl boluses to offset the decreased heart rate 
that may occur.
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K E Y FAC T S

• There is an apparent interaction between midazolam and 
fentanyl in neonates when one medication is bolused 
during an infusion of the other that leads to profound 
hypotension.

• Vecuronium is a muscle relaxant that typically lacks 
adverse cardiovascular effects, even when given in 
large doses.

• There is an association of increased vagal tone with large 
boluses of fentanyl, which may affect cardiac output in 
neonates.

• Pancuronium has a vagolytic effect.

R E F E R E N C E S
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13. ANSWER: C

The clinical picture is most likely allergic reaction to the 
antibiotic though local anesthesia toxicity should be on the 
differential. A normal EKG makes the likelihood of local 
anesthesia toxicity less likely (A). Treatment for local anes-
thesia toxicity is intralipid. Local anesthesia toxicity is most 
severe if bupivacaine is used due to its direct binding to myo-
cardial muscle cells. The dosing for intralipid is 1.5 mL/kg 
of 20% intralipid, which may be bolused up to 3 times and 
then an infusion of 0.25 mL/kg per minute up to 0.5 mL/
kg per minute. Benadryl or diphenhydramine is used in the 
treatment of anaphylaxis in 1 mg/kg IV dosing to block 
histamine release (B). The most important medication 
for treatment of anaphylaxis is epinephrine as it acts to 
stabilize mast cell degranulation as well as to augment 
blood pressure (C). Epinephrine may be given IV titrated 
to effect or intramuscularly usually to the thigh 0.01 mL/
kg of 1:1000 concentration. Subcutaneous administration 
is no longer recommended. Early treatment with epineph-
rine can be lifesaving. IV corticosteroids are also part of the 
treatment of anaphylaxis, and solumedrol dosed at 2 mg/kg 
is appropriate (D). IV medications are important as well as 

ample IV fluid administration during a case of anaphylaxis. 
Albuterol would also be an appropriate adjunct for bron-
chodilation in the setting of bronchospasm related to ana-
phylaxis. One should also consider intubating the patient 
to secure the airway as airway swelling may occur. Of note, 
the most common medication to cause allergic reaction in a 
pediatric study in France was vecuronium.

K E Y FAC T S

• Local anesthetic systemic toxicity is unlikely in the 
setting of a normal EKG.

• The most important medication for treatment of 
anaphylaxis is epinephrine as it acts to stabilize mast cell 
degranulation as well as to augment blood pressure.
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14. ANSWER: C

Lamotrigine (lamictal) is an alternative to valproic acid 
with fewer side effects, although it is not as effective 
for myoclonic seizures. Lamotrigine is also used to stabi-
lize moods. It can cause severe rash, fatigue, and impaired 
cognition, but severe medical side effects are not common 
(A). However, lamotrigine is not commonly used in chil-
dren as the risk of developing a life-threatening rash is 1 in 
50 patients. Valproic acid (Depakote) is a broad spectrum 
antiepileptic medication and is most effective for general-
ized seizures; it has been the called the gold standard for 
treating many new-onset pediatric seizures. Valproic acid 
can significantly affect platelet function as well as cause 
side effects, including alopecia, weight gain, tremor, 
GI upset, and liver toxicity in infants. Carbamazepine 
(Tegretol) is an effective medication for partial seizures. 
It affects sodium channels and can lead to low platelet 
and sodium levels. Its propensity to cause hyponatremia 
by antidiuretic effects has made carbamazepine a treatment 
for some cases of diabetes insipidus. Carbamazepine may 
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also cause rashes, including Stevens-Johnson syndrome. 
Oxcarbazepine (Trileptal) is similar to carbamazepine 
and may have fewer side effects though the risk for 
hyponatremia may be higher and sodium levels should 
be checked in these patients. Many patients are now tak-
ing levitiracetam (Keppra) as it is a broad-spectrum anti-
epileptic that has few side effects and does not cause as may 
memory problems as the other antiepileptics. It also is less 
likely to have drug–drug interactions (D).

K E Y FAC T S

• Lamotrigine is not commonly used in children due 
to the risk of a life-threatening rash in 1 out of 50 
patients.

• Valproic acid can significantly affect platelet function as 
well as cause side effects, including alopecia, weight gain, 
tremor, GI upset, and liver toxicity in infants.

• Carbamazepine can lead to hyponatremia and 
thrombocytopenia.
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15. ANSWER: A

This patient appears to have an allergic reaction to 
Bactrim. Bactrim is a sulfa drug and the sulfonamides 
were the first antimicrobial agents used effectively to treat 
infectious diseases. It is currently used as a first-line treat-
ment for UTIs due to its coverage of urobacteria and its low 
cost. Common allergic reactions to this class include the 
spectrum of benign to malignant rashes, nausea, and vom-
iting. In this case, many anesthesiologists believe avoid-
ance of drugs in this class would be prudent. Celecoxib 
(Celebrex), a selective cyclo-oxygenase-2 inhibitor, is a 
diaryl-substituted pyrazole derivative containing a sulfon-
amide substituent. Because of this structural component, 
celecoxib is contraindicated for use in patients who 

have demonstrated allergic reactions to sulfonamides 
(A). One study showed that of 969 patients with an allergic 
reaction after a sulfonamide antibiotic, almost 10% had an 
allergic reaction after subsequently receiving a sulfonamide 
nonantibiotic. It is interesting to note that in this study, 
the risk of allergic reactions was increased after receiving 
penicillin. The authors found the risk of an allergic reac-
tion after the receipt of a sulfonamide nonantibiotic was 
lower among patients with a history of hypersensitivity to 
sulfonamide antibiotics than among patients with a history 
of hypersensitivity to penicillins. The authors also found 
that the association between hypersensitivity after the 
receipt of sulfonamide antibiotics and a subsequent allergic 
reaction after the receipt of a sulfonamide nonantibiotic is 
most likely to be due to a predisposition to allergic reactions 
rather than to cross-reactivity with sulfonamide-based 
drugs. Bactrim should be used with caution in patients 
with G6PD, renal and hepatic impairment, and patients 
on Coumadin and glipizide. Patients with allergies to 
kiwis and bananas and with a history of urinary tract 
manipulation, such as those with spina bifida or myelo-
meningocele or frequent exposure to latex should avoid 
latex exposure (B). Macrobid (nitrofurantoin) is an alter-
nate to Bactrim for treatment of UTIs and side effects 
include, cough, malaise, and rarely pulmonary fibrosis 
if used long term (C). Ketorolac has no association with 
Bactrim allergy (D).

K E Y FAC T S

• Celecoxib, a selective cyclo-oxygenase-2 inhibitor 
contains a sulfonamide substituent.

• Because of this structural component, celecoxib 
is contraindicated for use in patients who have 
demonstrated allergic reactions to sulfonamides.
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16. ANSWER: D

Glucose-6-phosphatase dehydrogenase (G6PD) defi-
ciency is the most common enzyme defect in the world 
and is most common in people from areas where malaria 
is endemic, as well as their relatives, due to its protective 
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effects in malarial disease. Exposure to oxidative drugs 
put patients with G6PD deficiency at risk for hemo-
lytic crisis, with symptoms/signs including cyanosis, 
headache, body pains, jaundice, myoglobinuria, and 
anemia. This usually manifests 2–3  days after exposure 
to the offending agents. If not recognized, this could lead 
to severe neurologic complications. Often, the laboratory 
signs will be evident prior to the clinical signs because the 
clinical signs relate to red blood cell breakdown. When 
a patient is under anesthesia, it is difficult to recognize 
a hemolytic reaction, so avoidance of offending medica-
tions to prevent a reaction is the primary means of caring 
for a patient with G6PD deficiency. Also a high index of 
suspicion is needed if such a patient is anesthetized and 
presenting with hypotension, jaundice, and so on. Free 
hemoglobin in plasma and urine can be measured as evi-
dence of hemolysis. Treatment would include discon-
tinuing the offending agent and maintaining urine 
output. There are varying degrees of reactions to many 
medications found on “trigger” lists on the Internet and 
in literature, and some listed may be used without issue. 
Anesthesia medications studied in vivo such as codeine 
derivatives, propofol, fentanyl, and ketamine have been 
found to be safe in G6PD (B, C). Isoflurane, sevoflurane, 
diazepam, and midazolam have been studied and found 
to have an inhibitory effect on G6PD activity in vitro, but 
ketamine and prilocaine did not. Although the inhala-
tional agents were found to inhibit G6PD in vitro, inha-
lational agents are often used without sequelae in G6PD 
deficiency (A). No thorough studies have found acetamin-
ophen, used in therapeutic doses, to be contraindicated in 
this disease, but there is a report of acetaminophen over-
dose being implicated in hemolysis. It is also important 
to avoid hypothermia, acidosis, hyperglycemia, and infec-
tion in these patients as such stressors may induce hemo-
lytic crisis as well. For the most part it is prudent to avoid 
high doses of aspirin, high doses of prilocaine (found in 
EMLA cream), sulfonamide and nitrofurantoin antibiot-
ics, antimalarials, glyburide, hydralazine, methylene blue, 
nitrates, nitroprusside, vitamin K, chloramphenicol, and 
quinine.

K E Y FAC T S

• Patients with G6PD deficiency are at risk for hemolytic 
crisis, with symptoms/signs including cyanosis, 
headache, body pains, jaundice, myoglobinuria, and 
anemia.

• Anesthesia medications such as codeine derivatives, 
propofol, fentanyl, and ketamine have been found to be 
safe in G6PD.

• Isoflurane, sevoflurane, diazepam, and midazolam 
have been found to have an inhibitory effect on G6PD 
activity in vitro, but they are often used without sequelae 
in G6PD deficiency.

R E F E R E N C E S
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17. ANSWER: B

Patients with long QT syndrome (QTc >0.440 seconds) 
are at risk for malignant arrhythmias, including tors-
ades de point and ventricular fibrillation. Beta-blockers 
do not completely protect against torsades in the periop-
erative period and care must be taken not to contribute to 
prolongation of the QT interval. Emotional stress and 
auditory stimuli may contribute to prolongation of the 
QT interval; thus, premedication with midazolam would 
not be contraindicated (A). Some medications can contrib-
ute to autonomic effects and lengthening of the QT interval 
and may increase the risk of an arrhythmia. Medications 
used perioperatively that are in this group include succi-
nylcholine (due to autonomic effects and potassium release), 
ketamine (due to sympathomimetic effects), atropine, and 
glycopyrrolate (which lead to unopposed sympathetic tone) 
(B). Droperidol carries a black box warning for prolong-
ing QT and ondansetron is on the list of medications that 
contribute to torsade de pointes; thus, patients receiving 
ondansetron should be monitored closely.

Propofol has minimal effect on the QT interval 
and has even been found to help reverse the prolonga-
tion of the QT interval in healthy patients exposed to 
sevoflurane (C). Sevoflurane is thought to be safe in long 
QT syndrome, especially in patients being treated with beta 
blockers, but it does prolong the QT interval; isoflurane 
does it to a lesser extent (D).

K E Y FAC T S

• Medications to be avoided in patients with 
prolonged QT syndrome include succinylcholine 
(due to autonomic effects and potassium release), 
ketamine (due to sympathomimetic effects), atropine, 
and glycopyrrolate (which lead to unopposed 
sympathetic tone).
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• Sevoflurane prolongs QT but is thought to be safe in 
patients with prolonged QT syndrome, especially if 
patients are being treated with beta blockers.

• Isoflurane prolongs the QT interval to a lesser extent 
than sevoflurane.

R E F E R E N C E S

Booker PD, Whyte SD, Ladusans EJ. Long QT syndrome and anesthe-
sia. Br J Anaesth. 2003;90:349–66.

Kies S, Pabelick C, Hurley H, et al. Anesthesia for patients with con-
genital long QT syndrome. Anesthesiology. 2005;102:204–10.

Kleinsasser A, Loeckeinger A, Lindner K.H, et  al. Reversing 
sevoflurane-associated Q-Tc prolongation by changing to propofol. 
Anesthesia. 2001;56:248–50.

Rochford C, Seldin RD. Review and management of the dental patient 
with long QT syndrome (LQTS). Anesth Prog. 2009;58(2):42–8.

18. ANSWER: D

Ketamine can be used for as a premedication, sedative, induc-
tion agent as well as an analgesic adjunct. It can be given orally, 
rectally, intravascularly, and intramuscularly to achieve rapid 
effects (A). It produces a trancelike cataleptic state with 
amnesia and analgesia and can be used as a sole agent for 
procedures such as bone resetting and suture placement. It has 
bronchodilatory effects and has a stable cardiovascular 
profile with a low incidence of cardiac arrhythmias, and when 
an IV induction is performed with midazolam and ketamine, 
there is remarkable cardiovascular stability (B). Ketamine does 
cause sympathomimetic effects with increased heart rate, 
blood pressure, and respiratory rate, but respiratory protective 
reflexes are preserved and it is rare to cause apnea and air-
way obstruction. Side effects also include centrally mediated 
excess salivation, which may need treatment with an anti-
cholinergic (B). Emergence phenomena related to ketamine 
include sensation of floating; vivid, scary dreams; and hal-
lucinations. Adults carry a 2- to 10-fold risk of emergence 
phenomena compared to children (D). Benzodiazepines help 
to attenuate emergence phenomena. IM administration is less 
likely to have emergence phenomenoa and children under 
10 years old are least likely to be bothered by it.

K E Y FAC T S

• Ketamine produces a trancelike cataleptic state with 
amnesia and analgesia

•	 Ketamine	produces	bronchodilatory	effects	and	has	a	
stable cardiovascular profile

•	 Ketamine	produces	sympathomimetic	effects	with	
increased heart rate, blood pressure, and respiratory rate

•	 Side	effects	also	include	centrally	mediated	
excess salivation, which may need treatment 
with an anticholinergic

R E F E R E N C E S

Bergman SA. Ketamine:  a review of its pharmacology and its use in 
pediatric anesthesia. Anesth Prog. 1999;46(1):10–20.

Howes MC. Ketamine for paediatric sedation/analgesia in the emer-
gency department. Emerg Med J. 2004;21:275–80.

19. ANSWER: C

The FDA is a governmental agency that works to state 
intended indications, dosing, and age limitations for 
medications. They base their approvals on evidence from 
clinical trials mainly performed by pharmaceutical com-
panies. A majority of medications used in children have 
not been approved by the FDA for use in children and 
their use is thus considered “off label.” Anesthesiologists 
administer medications based on clinical experience rather 
than from data provided by controlled clinical trials. This is 
an accepted practice because withholding such medications 
is not deemed appropriate. Some of the most commonly 
used medications that are not approved for people younger 
than 18 years old include neostigmine (though vecuronium 
is approved) (B), hydromorphone, dopamine (A), and 
ondansetron (D). Some medications are approved for lim-
ited use in pediatrics with age restrictions (see Tables  3.1 
and 3.2). Children younger than 1 year of age have the 
most restricted list of medications available to them and 
thus are most often treated with medications that are not 
FDA approved. Succinylcholine is approved for use in 
pediatrics (C), though it carries a restricted use warning 
from the FDA due to its association with hyperkalemia 
and malignant hyperthermia. The FDA recommends suc-
cinylcholine to only be used in certain pediatric situations 
such as full stomach, laryngospasm, or difficult airway 
situations.

K E Y FAC T S

• A majority of medications used in children have not 
been approved by the FDA.

R E F E R E N C E S

Kumar P, Walker JK, Hurt KM, et al. Medication use in the neonatal 
intensive care unit: current patterns and off-label use of parenteral 
medications. J Pediatr. 2008;152(3):412–5.

Meakin GH. Neuromuscular blocking drugs in infants and children. 
Contin Educ Anaesth Crit Care Pain. 2007;7(5):143–7.

Smith MC, Williamson J, Yaster M, et al. Off-label use of medications 
in children undergoing sedation and anesthesia. Anesth Analg. 
2012;115(5):1148–54.
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Table 3 .1 PEDIATRIC FDA-LABELING STATUS FOR DRUGS 

R EGULAR LY ADMINISTER ED BY ANESTHESIOLOGISTS 

to PedIatrIc PatIents (younger than age 18 years)

FDA-APPROVED FOR ALL AGES NOT FDA-APPROVED FOR 

PATIENTS UNDER 18 YEARS

Acetaminophen Aminocaproic acid

Adenosine Amiodarone

Ampicillin Butorphanol

Atropine Cefotetan

Clindamycin Clonidine

Desflurane Codeine sulfate

Dexamethasone Dexmedetomidine

Diphenhydramine Dobutamine

Docusate Dopamine

Epdedrine Esmolol

Epinephrinea Granisetron

Furosemide Hetastarch/NaCl solution

Gentamicin Hydromorphone

Heparin Ketoprofen

Insulin Ketorolacc

Lidocaine Labetalol

Magnesium Methadone

Magnesium sulfate Milrinone

Midazolamb Malbuphine

Morphine Naltrexone

Naloxone Neostigmine

Nictric oxide Nitroglycerin

Nitroprusside Norepinephrine

Nortriptyline Odansetrond

Pancuronium Oxycodone

Pentobarbital Oxymorphone

Phenobarbital Oxytocin

Phenylephrine Polyethylene glycol

Phenytoin Potassium chloride

Propranolol Pregabalin

Prostaglandin E1 Procainamide

Remifentanil Protamine

Sevoflurane Ropivacaine

Sodium bicarbonate Scopolamine

Sodium chloride Thiopental

Succinylcholine Tizanidine

(continued)
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Sufentanil

Vancomycin

Vasopressin

Vecuronium

a For asthma, epinephrine inhalation approved for age 4 years and older; all ages for other 
indications.

b Midazolam is approved for treatment of anxiety and sedation during mechanical ventilation; 
midazolam oral syrup for procedural sedation is approved for patients older than 6 months.

c Ketorolac is not approved for treatment of pain in children but is approved for treating pain 
and other disorders of the eye as an ophthalmic solution.

d Ondansetron is approved for the treatment of chemotherapy-induced nausea and vomiting in 
children but is not approved for postoperative nausea and vomiting prophylaxis.

FDA, United States Food and Drug Administration; NaCl, sodium chloride.

Table 3 .2 DRUGS WITH AGE-LIMITED PEDIATRIC FDA-LABELED INDICATIONS 

THAT AR E R EGULAR LY ADMINISTER ED BY ANESTHESIOLOGISTS

AGE GROUP W ITH 

FDA-LABELED INDICATIONS

ANESTHETICS/  

ANALGESICS

OTHER COMMONLY 

USED DRUGS

≥1 month Cisatracurium
Diazepama (seizure treatment)
Methohexital (>1 month)

Cefazolin

≥2 months Propofol (maintenance)

≥3 months Rocuroniumb

≥4 months Cefoxitin

≥6 months Diazepam (anxiety)
Ibprofenc

≥1 year Codeine phosphate

≥2 years Fentanyl
Isoflurane

Albuterol
Dolasetron
Granisetron hydrochloride
Promethazine

≥3 years Chloroprocaine
(>3 years)
Gabapentin
Haloperidol
Propofol (induction)

≥6 years Hydrocodone Metoprolold

≥10 years Etomidate

≥12 years Alfentanil
Amitriptyline
Bupivacaine
Lorazepam

Mannitaol terbutaline

≥16 years Ketamine Glycopyrrolatee

≥17 years Modafinil

a Diazepam injectable has FDA-approved labeling to treat seizures in children 1 month and older.

b Not approved for use in rapid sequence intubation.

c IV formulation of ibuprofen only approved for patients 17 years or older.

d Metoporlol succinate is labeled for use in children 6 years and older; the oral formulation (metoprolol tartrate) is 
not labeled for pediatric use.

e Glycopyrrolate has FDA-approved labeling for oral administration only in children age 3 years and older.

FDA, United States Food and Drug Administration.

Table 3 .1 CONTINUED

FDA-APPROVED FOR ALL AGES NOT FDA-APPROVED FOR 

PATIENTS UNDER 18 YEARS
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20. ANSWER: C

Perioperative antibiotic prophylaxis is important in decreas-
ing the risk of perioperative infections. Administration of 
antibiotics should occur within 60 minutes of surgical 
incision in order to have a therapeutic level of circulat-
ing medication. Redosing should occur if the procedure 
lasts longer than two half-lives of the medication. For 
uncomplicated hernia repair there is no clear medication 
that works best as it is considered a clean procedure. If the 
surgeon elects to provide antibiotic coverage, it is generally 
recommended to cover the patient with a first-generation 
cephalosporin. If the patient has a history of MRSA, it is 
acceptable to use vancomycin for coverage as well. In cases 
of beta-lactam allergy, clindamycin and vancomycin are 
acceptable alternatives. As for pediatric dosing of periopera-
tive antibiotics in the stem question: Ampicillin is dosed 
50 mg/kg and ampicillin-sulbactam is dosed off of the 
ampicillin component with redosing recommended every 2 
hours (A). Cefazolin is dosed at 30 mg/kg and redosed 
every 4 hours (B). Clindamycin is dosed 10 mg/kg and 
redosed every 6 hours (C). Vancomycin is dosed 15 mg/
kg with redosing every 4 to 8 hours (D). Initial dosing of 
vancomycin should occur within 2 hours of incision as the 
medication requires 1 hour to infuse to reduce the risk of 
hypotension and skin-related reactions.

K E Y FAC T S

• Administration of antibiotics should occur within 
60 minutes of surgical incision in order to have a 
therapeutic level of circulating medication.

• Ampicillin is dosed 50 mg/kg, Cefazolin is dosed at 30 
mg/kg, Clindamycin is dosed 10 mg/kg, Vancomycin is 
dosed 15 mg/kg.

R E F E R E N C E S

American Society of Health-System Pharmacists. Clinical practice 
guidelines for antimicrobial prophylaxis in surgery. Available 
at:  http://www.ashp.org/DocLibrary/BestPractices/TGSurgery.
aspx. Accessed June 5, 2014.

Keyserling HL, Sinkowitz-Cochran RL, Harris JM, et al. Vancomycin 
use in hospitalized pediatric patients. Pediatr. 2003;112(2):104–11.

21. ANSWER: C

Skin is colonized with many microorganisms, including 
staphylococci and pseudomonas. Placing a spinal involves 
traversing the skin and subcutaneous tissues with a needle 
to end up in the cerebral spinal fluid. In addition to using 
a sterile field and dress, it is prudent to use a skin antisep-
tic prior to placing a spinal in order to decrease infectious 
complications. There are three common skin antiseptics 
used: iodine/iodophor, chlorhexidine, and alcohol solutions.

Iodine-based preparations are often used because 
they work to oxidize skin contaminants after crossing 
through cell walls. They are bacteriostatic in nature. They 
are effective against gram positives (including MRSA), 
gram negatives, tubercle bacillus, fungi, and viruses. A 10% 
povidone-iodine is a standard solution. Allergic reaction 
may occur in people allergic to certain dyes and shellfish.

Iodine-based preparations are not recommended 
for use in the very young children due to their highly 
permeable skin and skin surface-to-weight ratio, and 
in rare cases (burn victims and neonates) absorption has 
caused significant morbidity. The increased absorbance 
of iodine-based disinfectants may also lead to thyroid 
suppression.

Chlorhexidine is often used to clean the skin prior 
to surgical and needle manipulation. Its mechanism of 
antisepsis is due to binding negative charges in bacte-
rial walls and disrupting the osmotic equilibrium, and 
it provides widespread coverage, including yeasts and 
viruses, though its efficacy on fungal coverage is not as good 
as iodine- or alcohol-based solutions. Overall, chlorhexi-
dine has been shown to be very effective in decreasing 
skin colonization. One study showed that in skin prepped 
with chlorhexidine, positive skin culture was lower than in 
iodine-based and alcohol-based skin preparation, with an 
absolute risk reduction (ARR) of 0.25 and a relative risk 
reduction (RRR) of 71. It is not FDA approved for use in 
lumbar puncture; however, it has been shown to be safe 
and effective in adults for skin preparation prior to spinal 
insertion without increased neurologic risk. It is even used 
in newborns as a total body cleansing solution to decrease 
infection rates in nurseries, and it has been shown that with 
whole body cleansing there are low levels of absorption and 
no significant harmful effects.

Alcohol-based skin preps work to rapidly lyse cell walls 
through denaturation of proteins and alcohol-based 
products cover microbes similar to iodine-based products. 
The concentration of the alcohol confers efficacy more than 
the type of alcohol used. Because of its rapid antiseptic 
effects, alcohol is often mixed with other skin antiseptics in 
order to get the benefit of both solutions and to prolong the 
efficacy of other solutions. Alcohol is highly flammable; 
thus, it must be dry for at least 3 minutes prior to manipula-
tion with any sort of cautery in order to decrease this risk. 
Alcohol that is pooled and in touch with infant skin for 
significant periods of time can cause burns; younger neo-
nates are more susceptible to these burns and alcohol-based 
cleansers should never be used on infants less than 28 
weeks due to significant risk to the delicate skin.

K E Y FAC T S

• Iodine-based preparations are not recommended for use 
in very young children due to their highly permeable 
skin and skin surface-to-weight ratio.
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• The increased absorbance of iodine-based disinfectants 
may also lead to thyroid suppression.

• Alcohol-based cleansers have rapid antiseptic effects, but 
is highly flammable and can cause burns. They should 
never be used in infants less than 28 weeks.

R E F E R E N C E S

Garland JS, Buck RK, Maloney P, et  al. Comparison of 10% 
povidone-iodine and 0.5% chlorhexidine gluconate for the preven-
tion of peripheral intravenous catheter colonization in neonates: a 
prospective trial. Pediatr Infect Dis J. 1995;14(6):510–6.

Krobbuaban B, Diregpoke S, Prasan S, et al. Alcohol-based chlorhexidine 
vs. povidone iodine in reducing skin colonization prior to regional 
anesthesia procedures. J Med Assoc Thai. 2011;94(7):807–12.

Mullany LC, Darmstadt ML, Tielsch JM. Safety and impact of 
chlorhexidine antisepsis interventions for improving neonatal health 
in developing countries. Pediatr Infect Dis J. 2006;25(8):665–75.

Reichman DE, Greenberg JA. Reducing surgical site infections:  a 
review. Rev Obstet Gynecol. 2009;2(4):212–21.

Reynolds PR, Banerjee S, Meek JH. Alcohol burns in the extremely low 
birth weight infants: still occurring. Arch Dis Child Fetal Neonatal 
Ed. 2005;90:F10.

Sviggum HP, Jacob AK, Arendt KW, et al. Neurologic complications 
after chlorhexidine antisepsis for spinal anesthesia. Reg Anesth Pain 
Med. 2012;37(2):139–44.

Thomas J. Reducing the risk in neonatal anesthesia. Pediatr Anes. 
2014;24:106–13.

22. ANSWER: D

Neonates exposed to aminoglycosides and loop diuretics 
are at risk for ototoxicity resulting in hearing impairment 
or deafness. Neonatal exposure to aminoglycosides is often 
for treatment of illnesses such as bacterial meningitis or for 
coverage of patients on extracorporeal membrane oxygen-
ation. It has been found that the incidence of ototoxicity is 
less in neonates than in adolescents and adults, and several 
studies show the incidence is around 1.5% in neonates who 
received aminoglycosides (A and D). Hearing loss often 
occurs within the first weeks after exposure and is more 
likely when patients are exposed to supratherapeutic levels 
and for longer durations of exposure. There are no data on 
the incidence of hearing loss associated with loop diuretic 
exposure and the mechanism is not clear, but there is an 
association with increased risk with rapid administration 
of such diuretics (B). Furosemide is the most commonly 
used loop diuretic in infants, and it has been shown that 
a rapid bolus (over 5 minutes) causes more ototoxicity 
than an infusion over 8 hours; peak serum concentrations 
are significantly higher with bolus administration. When 
used for diuresis, continuous IV infusion of loop diuretics 
is more effective than intermittent bolusing. With this in 
mind, a bolus rate of administration for >120 mg dose at 
<4 mg/min is safe and for doses <120 mg an infusion rate 
of 0.5mg/kg per minute is recommended. It is interesting 

to note that the hearing damage associated with bolus 
dosing of furosemide is often reversible (C). In addition 
to contributing to ototoxicity, furosemide may contribute 
to dilation of the ductus arteriosus due to its stimulation 
of prostaglandin E2 synthesis, and it should be used with 
caution in preterm neonates. Preterm neonates also have 
variable metabolism of furosemide, and drug accumulation 
is possible with repeated dosing, which increases the risk 
of late-onset deafness in such patients. Concomitant use 
of loop diuretics and aminoglycosides increases ototoxic 
side effects, but noise trauma does not seem to have such 
an effect.

K E Y FAC T S

• The incidence of ototoxicity of aminoglycosides 
is less in neonates (1.5%) than in adolescents and 
adults.

• Furosemide causes more ototoxicity if given as bolus 
rather than infusion.

• Hearing damage associated with bolus dosing of 
furosemide is often reversible.

R E F E R E N C E S

Pacifici GM. Clinical pharmacology of furosemide in neonates:  a 
review. Pharmaceuticals (Basel). 2013;6(9):1094–129.

Rybak LP. Pathophysiology of furosemide toxicity. J Otolaryngol. 
1982;11(2):127–33.

So T-Y. Use of ototoxic medications in neonates- the need for follow-up 
hearing test. J Pediatr Pharmacol Ther. 2009;14(4):200–3.

23. ANSWER: B

Bupivacaine is the most common local anesthetic used in 
pediatric regional anesthesia (B). It has a high free con-
centration per dose due to lower protein binding capac-
ity and lower clearance in neonates compared to their 
adult counterparts (A). Neonates have lower plasma con-
centrations of alpha-1-acid glycoprotein, which would bind 
the local anesthetic, and these low plasma concentrations 
lead to a relative increase in the amount of unbound cir-
culating drug. With more unbound drug circulating, the 
therapeutic, as well as toxic, effects are higher. Compound 
this with a decreased ability to metabolize and clear bupi-
vacaine, and accumulation can occur during infusions or 
repeated dosing.

Eutectic mixture of local anesthetics (EMLA) cream 
must be used cautiously in neonates due to their more 
permeable skin and their higher skin surface-to-weight 
ratio compared to older children. They are at risk for 
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significant absorption of the lidocaine and prilocaine 
medication components, and high levels of these medi-
cations may induce seizures and methemoglobinemia, 
respectively (C and D). The association between prilo-
caine and methemoglobinemia has generally restricted 
prilocaine use in infants and children to the EMLA with 
size-appropriate dosing due to this concern.

K E Y FAC T S

• Bupivacaine has a high free concentration per dose due 
to lower protein binding capacity and lower clearance in 
neonates compared to adults.

• EMLA cream must be used cautiously in neonates due 
to their more permeable skin and their higher skin 
surface-to-weight ratio compared to older children.

• The association between prilocaine and 
methemoglobinemia has generally restricted prilocaine 
use in infants and children.

R E F E R E N C E S

Allegaert K, van de Velde M, van den Anker J. Neonatal clinical phar-
macology. Pediatr Anes. 2014;24:30–8.

Gunter JB. Benefit and risks of local anesthetics in infants and children. 
Paediatr Drugs. 2002;4(10):649–72.

Lillieborg S, Otterbom I, Ahlen K, et  al. Topical anaesthesia in neo-
nates, infants and children. Br J Anaesth. 2004;92(3):450–1.

24. ANSWER: D

Avascular necrosis of the femoral head is a known com-
plication of corticosteroid therapy in patients with acute 
lymphoblastic leukemia and other patients exposed to 
high doses of steroids (A). Avascular necrosis as a complica-
tion of steroid use is seen in children from 1.5 to 10 years 
old, with a peak incidence from 4 to 9 years old. Use of 
dexamethasone (Decadron) is not thought to be detrimen-
tal in limited use for tonsillectomy surgery and is found to 
decrease postoperative pain, nausea, and vomiting (B and 
C). Its use is considered standard of care in many institu-
tions for tonsillectomy and its adverse effects and cost 
appear negligible. Children who receive a single intraopera-
tive dose of dexamethasone (dose range = 0.15 to 1.0 mg/
kg) are half as likely to vomit in the first 24 hours postop-
eratively compared to children receiving placebo. Routine 
use of the medication in five children would be expected 
to result in one less patient experiencing posttonsillectomy 
emesis. It has also been shown that increasing dexametha-
sone dosage from 0.05 mg/kg up to 0.5 mg/kg significantly 
decreases postoperative pain medication use and the need 
for postoperative nausea treatments with the increas-
ing dosages. There has, however, been an association of 

increased postoperative bleeding with dexamethasone 
(Decadron) use in tonsillectomy (D), with bleeding occur-
ring in higher dosages (0.5 mg/kg). One study was stopped 
early due to the association of bleeding with need for reop-
eration in patients receiving 0.5 mg/kg of dexamethasone.

K E Y FAC T S

• High-dose corticosteroid therapy may lead to avascular 
necrosis of the femoral head.

• Dexamethasone (Decadron) is found to decrease 
postoperative pain, nausea, and vomiting.

• There has been an association of increased postoperative 
bleeding with dexamethasone (Decadron) use in 
tonsillectomy.

R E F E R E N C E S

Czarnetzki C, Elia N, Lysakowski C, et al. Dexamethasone and risk of 
nausea and vomiting and postoperative bleeding after tonsillectomy 
in children: a randomized trial. JAMA. 2008;300(22):2621–30.

Hermans V, De Pooter F, De Groote F, et al. Effect of dexamethasone 
on nausea, vomiting, and pain in paediatric tonsillectomy. Br J 
Anaesth. 2012;109(3):427–31.

Madadi F, Shamsian BS, Alavi S. Avascular necrosis of the femoral 
head in children with acute lymphoblastic leukemia: a 4- to 9- year 
follow-up study. Orthopedics. 2011;34(10):593–7.

Steward DL, Grisel J, Meinzen-Derr J. Steroids for improving recovery 
following tonsillectomy in children. Cochrane Database Syst Rev. 
2011;10(8):CD003997.

25. ANSWER: A

Medication errors occur for many reasons. It is very impor-
tant to be thoughtful in medication administration in 
order to decrease undesirable results. In small babies, infu-
sion lines may carry opiates or vasoactive medications, and 
it is important to realize that bolusing through an infusion 
line could lead to a bolus of the medication in that line (A). 
Along the same line, when propofol or opiates are in an IV 
line on transport, there could be complications of late-onset 
resedation during transport, in the PACU or on the floor. 
It is a crucial recommendation that pediatric IV lines be 
flushed and cleared of any unnecessary medications, while 
being monitored, and prior to transfer to other care provid-
ers. In an analysis of critical incidents related to medication 
administration in pediatric anesthesia, the duplication 
of dosing between the operating room and the wards 
was found to be the most common (B). This finding 
is important as it raises awareness for the importance of 
handoffs and clear documentation that is readily accessible 
to all teams in the hospital (D). Drug substitution, name 
mix-ups, and dosage errors in pediatric anesthesia are 
reportedly more common than in adults (C). It is always 
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important to be vigilant with dilutions of medications, 
clearly labeling medications and administering medications 
over appropriate time intervals. Administration of incorrect 
medications, inappropriate doses, untimely schedules, and 
inadequate infusion rates are all found to be problems. For 
this reason, protocols are put in place and the importance 
of double-checking orders and administration of medica-
tions is warranted especially with medications that are not 
commonly used or medications that could cause significant 
harm with wrong administration. Additional risk can be 
reduced by making medication vials dissimilar, having the 
pharmacy make particular dilutions, actually using calcula-
tors to work out small doses, and following drug charts.

R E F E R E N C E S

Allegaert K, van de Velde, M, van den Anker, J. Neonatal clinical phar-
macology. Pediatr Anes. 2014;24:30–8.

Thomas J. Reducing the risk in neonatal anesthesia. Pediatr Anes. 
2014;24:106–13.

26. ANSWER: C

Body composition plays an important role in volume of 
distribution as well as disposition of drugs. The differences 
seen between the term infant and adult show that as age 
increases, total body water, extracellular fluid, and 
blood volume all decrease (A, B, and D). Intracellular 
water, muscle mass, and fat all increase with age (C). The 
difference in body composition is even more pronounced 
in the preterm infant. Volume of distribution (Vd) of 
water-soluble drugs is larger in term and preterm infants 
secondary to the increased total body water percentage. 
An increased Vd in neonates results in a larger initial per 
kilogram dose to achieve the same effect as seen in adults. 
Lower body fat percentage in infants results in a lower Vd 
of lipophilic drugs. Lower muscle mass in infants results 
in reduced redistribution to muscle and a more prolonged 
duration of action compared to adults.

K E Y FAC T S

• Total body water, extracellular fluid, and blood volume 
decrease with age.

• Intracellular water, muscle mass, and fat increase 
with age.

R E F E R E N C E

Peter JD, Adrian B, Andrew D, Nathalia J, Evan K, Anne ML, Stevan 
PT, Susan W. Pharmacology of Pediatric Anesthesia. In: Davis PJ, 
Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for Infants and 
Children. 8th ed. St. Louis, MO: Elsevier Mosby; 2011:180–2.

27. ANSWER: A

Hepatic clearance of a drug is the extraction ratio times 
the liver blood flow. Hepatic extraction ratio refers to the 
fraction of drug entering the liver that is removed in one 
pass through the liver. The highest extraction ratio possible 
is one, which would correspond with the liver extracting 
100% of a drug passing through the hepatic circulation. 
Drugs with high extraction ratios have a high percent-
age of the drug removed by the liver. Examples of drugs 
with high extraction ratios are fentanyl, bupivacaine, 
lidocaine, ketamine, propofol, naloxone, and meto-
prolol. Therefore, clearances of drugs with high extraction 
ratios are most dependent on hepatic blood flow (A) as most 
of the drug is efficiently extracted after passing through 
the liver and induction of hepatic enzymes will have little 
effect on increasing clearance. Clearances of drugs with 
low hepatic extraction ratios are most dependent on the 
liver’s ability to metabolize the drug and hepatic clearance 
is increased by induction of hepatic enzymes (C). Examples 
of drugs with a low extraction ratio are methadone, 
diazepam, alfentanil, coumadin, and phenytoin. While 
lipid solubility increases volume of distribution, it does not 
have a direct effect on hepatic clearance (D). Hepatic clear-
ance is independent of plasma drug concentration (B).

K E Y FAC T S

• Drugs with a high extraction ratio have a high 
percentage of the drug removed by the liver.

• Clearances of drugs with a high extraction ratio are most 
dependent on hepatic blood flow.

• Examples of drugs with high extraction ratios are 
fentanyl, bupivacaine, lidocaine, ketamine, propofol, 
naloxone, and metoprolol.

• Examples of drugs with a low extraction ratio are 
methadone, diazepam, alfentanil, coumadin, and 
phenytoin.

R E F E R E N C E

Peter JD, Adrian B, Andrew D, Nathalia J, Evan K, Anne ML, Stevan 
PT, Susan W. Pharmacology of Pediatric Anesthesia. In: Davis PJ, 
Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for Infants and 
Children. 8th ed. St. Louis, MO: Elsevier Mosby; 2011:183.

28. ANSWER: D

Opiates receptors are located in the central nervous sys-
tem (CNS) and therefore opiates must pass through the 
blood–brain barrier (BBB) to reach their site of action. The 
BBB is made up of endothelial cells with tight junctions 
that prevent the transit of ions and water-soluble substances. 
Lipid-soluble substances and water diffuse freely across the 
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BBB, whereas water-soluble substances, large molecules, and 
ions penetrate poorly. While morphine has been shown to 
be more permeable in the neonatal period of animal mod-
els, adult BBB permeability is achieved by 2 months of age 
(A). High lipid solubility is the most important factor, 
allowing transit of opiates across the BBB. Fentanyl has 
a high lipid solubility, allowing rapid transit across the 
BBB and rapid onset of action, while morphine has a 
low lipid solubility, resulting in a slower transit across 
the BBB, slower onset of action, and increased dura-
tion of action (D). Protein binding also plays an important 
role in the amount of free drug available to cross the BBB. 
Morphine is less protein bound than fentanyl and does not 
explain the rapid onset of fentanyl (B). Lower protein bind-
ing in the neonatal period can increase the free morphine 
available to cross the BBB, resulting in a more rapid onset 
in neonates compared to adults; however, fentanyl still has 
a more rapid onset in the neonatal period secondary to the 
high lipid solubility. Fentanyl does not have a higher non-
ionized fraction compared to morphine (C).

K E Y FAC T S

• Fentanyl has a high lipid solubility, allowing rapid 
transit across the BBB and rapid onset of action.

• Morphine has a low lipid solubility, resulting in a slower 
transit across the BBB, slower onset of action, and 
increased duration of action.

R E F E R E N C E S

Neurophysiology and Anesthesia. In:  Butterworth J, Mackey DC, 
Wasnick J, eds. Morgan and Mikhail’s: Clinical Anesthesia. 5th ed. 
New York, NY: McGraw-Hill; 2013:192, 579.

Peter JD, Adrian B, Andrew D, Nathalia J, Evan K, Anne ML, Stevan 
PT, Susan W. Pharmacology of Pediatric Anesthesia. In: Davis PJ, 
Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for Infants and 
Children. 8th ed. St. Louis, MO: Elsevier Mosby; 2011:208–13.

29. ANSWER: B

Acetaminophen and ketorolac are both analgesics used in 
the perioperative setting. Both have been shown to have 
an opioid-sparing and antipyretic effect (A and D). The 
action of paracetamol at a molecular level is unclear but 
could be related to the production of reactive metabolites 
by the peroxidase function of COX-2, which could deplete 
glutathione, a cofactor of enzymes such as PGE synthase. 
While both acetaminophen and ketorolac inhibit cyclo-
oxygenase (COX) (C), resulting in decreased conversion of 
arachidonic acid to prostaglandins, only ketorolac exhib-
its a significant anti-inflammatory effect (B). COX-2 
inhibition is responsible for the anti-inflammatory effect. 
Prostaglandins responsible for gastric protection, platelet 

function, and regulation of renal blood flow are produced 
by COX-1. Inhibition of COX-1 results in decreased gas-
tric protection, platelet inhibition, and reduced renal 
blood flow. Risk of postoperative bleeding in the setting of 
ketorolac-induced platelet dysfunction should be addressed 
prior to administration. Another potential adverse effect of 
ketorolac is impaired bone healing in the setting of ortho-
pedic procedures, especially spinal fusions. Acetaminophen 
site of action is central, while ketorolac has both central and 
peripheral sites of action.

R E F E R E N C E S

“Analgesic Agents” and “Chronic Pain Management” in Butterworth 
J, Mackey DC, Wasnick J, eds. Morgan and Mikhail’s:  Clinical 
Anesthesia. 5th ed. New  York, NY:  McGraw-Hill; 
2013:196–7,1053–4.

Brian JA, Lerman J, Coté CJ. Pharmacokinetics and Pharmacology of 
Drugs Used in Children. In: Cote CJ, Lerman J, Anderson B, eds. A 
Practice of Anesthesia for Infants and Children. 5th ed. Philadelphia, 
PA: Saunders; 2013:138–0.

Graham GG1, Scott KF. Mechanism of action of paracetamol. Am J 
Ther. 2005;12(1):46–55.

30. ANSWER: C

Dexmedetomidine is an α
2
-agonist with eight times the 

selectivity for the α
2
 receptor compared to clonidine (C). 

Dexmedetomidine affinity for α
2
 receptor compared to α1 

receptor is 1600:1. CNS α
2
 receptor activation results 

in sedation, analgesia, and anxiolysis, all of which are 
mediated by suppression of the sympathetic nervous 
system secondary to hyperpolarization of noradrener-
gic neurons. Sedation is mediated by α

2
 receptor activa-

tion at the locus ceruleus as well as inhibition of ascending 
norepinephrine pathways. Analgesic effects are mediated 
primarily at the level of the spinal cord. Hemodynamic 
effects are mediated at the autonomic ganglia, resulting in 
bradycardia and hypotension. Dexmedetomidine has been 
shown to be effective in preventing emergence agitation. 
Midazolam and propofol both facilitate GABA receptor 
activation (A and D). Ketamine is an NMDA receptor 
antagonist (B).

R E F E R E N C E S
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31. ANSWER: B

Dexmedetomidine has been shown to be effective in pre-
venting emergence agitation. Dexmedetomidine is an 
α

2
-agonist with eight times the selectivity for the α

2
 recep-

tor compared to clonidine. CNS α
2
 receptor activation 

results in sedation, analgesia, and anxiolysis, all of which 
are mediated by suppression of the sympathetic nervous 
system secondary to hyperpolarization of noradrenergic 
neurons. Sedation is mediated by α

2
 receptor activation 

at the locus ceruleus as well as inhibition of ascending 
norepinephrine pathways. Analgesic effects are mediated 
primarily at the level of the spinal cord. Hemodynamic 
effects are mediated at the autonomic ganglia, result-
ing in bradycardia and hypotension (B and D); how-
ever, hypertension occurs less frequently, secondary to 
direct vasculature smooth muscle contraction when 
dexmedetomidine is used at high doses. Hypertension 
has also been reported when anticholinergic drugs are 
used to treat dexmedetomidine-induced bradycardia. 
Dexmedetomidine does not cause postoperative shiver-
ing and has actually been shown to be effective in treating 
postoperative shivering (C). Dexmedetomidine does not 
cause respiratory depression or apnea (A).

R E F E R E N C E S

Brian JA, Lerman J, Coté CJ. Pharmacokinetics and Pharmacology of 
Drugs Used in Children. In: Cote CJ, Lerman J, Anderson B, eds. A 
Practice of Anesthesia for Infants and Children. 5th ed. Philadelphia, 
PA: Saunders; 2013:142–5.

Peter JD, Adrian B, Andrew D, Nathalia J, Evan K, Anne ML, Stevan 
PT, Susan W. Pharmacology of Pediatric Anesthesia. In: Davis PJ, 
Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for Infants and 
Children. 8th ed. St. Louis, MO: Elsevier Mosby; 2011:206–8.

32. ANSWER: A

The rate of increase in F
A

/F
I
 (also called wash-in) describes 

the time to reach equilibrium between inspired and alveolar 
anesthetic partial pressures and is determined by (1) deliv-
ery of anesthetic to the lungs and (2) uptake of anesthetic by 
the blood and tissues.

FAC TOR S A F F EC T I NG DE L I V E RY

1. Inspired concentration: This variable is 
independent of age.

2. Alveolar ventilation and FRC: The ratio 
of alveolar ventilation to functional residual 
capacity (Va/FRC) is the most important variable 
determining the delivery of anesthetic to the lungs. 
Va/FRC is higher in neonates (5:1) compared 
to adults (1.5:1) and most responsible for more 
rapid rise in F

A
/F

I
 seen in neonates (A). The 

higher Va/FRC in neonates is due to relative 
increased alveolar ventilation secondary to an 
increased metabolic rate and a decreased FRC 
secondary to decreased alveolar compliance and 
increased chest wall compliance.

FAC TOR S A F F EC T I NG U P TA K E

1. Solubility: The most important factor affecting 
uptake is solubility; specifically blood:gas partition 
coefficient and brain:blood partition coefficient. 
Table 3.3 lists the blood:gas and brain:blood 
solubility of inhaled agents for neonates and adults. 
Blood:gas solubility is decreased in the neonatal 
period secondary to lower serum cholesterol and 
protein compared to adults (B). Less soluble agents 
(lower blood:gas and brain:blood partition 
coefficient) have less uptake from alveoli and 
result in a more rapid equilibrium between 
alveolar and inhaled partial pressure. More 
soluble agents (increased blood:gas and brain:blood 
partition coefficient) would result in a more soluble 
agent and a slower rise F

A
/F

I
 rather than more rapid 

(B and C).
2. Venous to alveolus partial pressure gradient: 

Decreased brain:blood partition coefficient results 
in less tissue uptake, higher venous blood anesthetic 
partial pressure, and a lower pressure gradient 
between venous blood and alveolus. The net effect 
is a more rapid rise of F

A
/F

I
. Brain:blood partition 

coefficient is decreased in neonates due to increased 
water content and decreased lipid and protein 
concentrations.

Table 3 .3 PHAR MACOLOGY OF INHALED ANESTHETICS

SOLUBILITY HALOTHANE ENFLUR ANE ISOFLUR ANE SEVOFLUR ANE DESFLUR ANE

λ
b/g

 adults 2.4 1.9 1.4 0.66 0.42

λ
b/g

 neonates 2.14 1.78 1.19 0.66 —

λ
brain/b

 adults 1.9 1.3 1.6 1.7 1.2

λ
brain/b

 neonates 1.5 0.9 1.3 — —
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3. Cardiac output: As cardiac output increases, 
pulmonary blood flow also increases, resulting in 
more anesthetic uptake from the alveolus, slowing 
the rise in F

A
/F

I
 (D). However, a greater percentage 

of cardiac output supplies the vessel-rich group 
in the neonate compared to the adult. Increased 
percentage of blood flow to the vessel-rich group 
(rather than increased cardiac output alone) 
results in a more rapid equilibration between 
brain tissue and alveolus, resulting in a faster rise in 
F

A
/F

I
.

While more soluble agents more clearly illustrate pharma-
cokinetics of wash-in, the principles are still present to a 
lesser degree with less soluble agents.

R E F E R E N C E

Brian JA, Lerman J, Coté CJ. Pharmacokinetics and Pharmacology of 
Drugs Used in Children. In: Cote CJ, Lerman J, Anderson B, eds. A 
Practice of Anesthesia for Infants and Children. 5th ed. Philadelphia, 
PA: Saunders; 2013:94–8.

33. ANSWER: B

Sevoflurane is an inhaled anesthetic frequently used for mask 
inductions secondary to its nonpungent odor compared 
with other volatile anesthetics currently used in practice. 
Sevoflurane has a relatively low solubility (blood:gas partition 
coefficient = 0.66), which allows a rapid induction and emer-
gence. Minimum alveolar concentration (MAC) of sevo-
flurane is the highest in the newborn period and remains 
unchanged until about 6  months of age at which point 
MAC decreases by ~25% (A). The MAC of desflurane and 
isoflurane both peak between 3 and 6 months. MAC of 
inhalational anesthetics is often described as additive; how-
ever, N

2
O combined with sevoflurane or desflurane is less 

than additive in children. Studies showed that 60% N
2
O 

only decreased the MAC of sevoflurane by 20% (B).
MAC represents the potency of inhalational agents. 

Potency in decreasing order are (with neonatal MAC in 
parenthesis):  isoflurane(1.6)>sevoflurane(3.3)>desflur-
ane(9)>N

2
O(~104) (C and D)

K E Y FAC T S

• The MAC of desflurane and isoflurane peak between 
3–6 months of age.

• N
2
O combined with sevoflurane or desflurane is less 

than additive in children.
• The potency of inhalational anesthetics in decreasing 

order is as follows: isoflurane (1.6) > sevoflurane (3.3) > 
desflurane (9) > N

2
O (~104).
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Figure 3.3 The minimum alveolar concentration (MAC) of isoflurane 
in preterm and full-term neonates, infants, and children. MAC 
increased with gestational age in infants younger than 32 weeks 
gestation (1.3%), reaching a zenith in infants 1 to 6 months of age 
of 1.87% and decreased thereafter with increasing age to adulthood. 
Postconceptional age is the sum of the gestational age and postnatal 
age in years. (Data from Cameron CB, Robinson S, Gregory GA. The 
minimum anesthetic concentration of isoflurane in children. Anesth 
Analg. 1984;63:418–20 and LeDez KM, Lerman J. The minimum 
alveolar concentration (MAC) of isoflurane in preterm neonates. 
Anesthesiology. 1987;67:301–7. Reprinted with permission.)
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Figure 3.4 The minimum alveolar concentration (MAC) of sevoflurane 
in neonates, infants, and children. MAC is greatest in full-term 
neonates (3.3%), less in infants 1–6 months of age (3.2%), and then 
decreases 25%, to 2.5%, for all infants and children 6 months to 
10 years of age. Age is postnatal age in years. MAC of sevoflurane 
in adults, 30 years of age, shown for completeness. All MAC 
measurements were performed with sevoflurane in 100% oxygen using 
a single skin incision. (Data from Lerman J, Sikich N, Kleinman S, 
Yentis S. The pharmacology of sevoflurane in infants and children. 
Anesthesiology. 1994;80:814–24. Reprinted with permission.)
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PA: Saunders; 2013:99, 101.
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Children. 8th ed. St. Louis, MO: Elsevier Mosby; 2011:229.
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34. ANSWER: C

Desflurane is a volatile inhalational anesthetic with the low-
est solubility of any of the volatile agents, resulting in rapid 
wash-in and wash-out. The rapid onset is a good characteristic 
for inhalation induction and would lead to a decreased amount 
of time in stage II, not a prolonged duration of stage II (A). 
Despite the rapid wash-in time, desflurane is a poor choice 
for inhalational induction due to the increased airway 
reactivity in response to the pungent odor. Bronchospasm, 
laryngospasm, and breath holding are all significantly 
increased when desflurane induction is attempted (C). 
Hemodynamic effects of desflurane are similar to isoflurane 
and sevoflurane with a 20%–30% decrease in mean arterial 
pressure. Tachycardia and increased blood pressure have been 
described with rapid increase in desflurane concentration, but 
this is not what precludes the use of desflurane as an induction 
agent (B). While all of the volatile anesthetics are known to 

cause emergence delirium, sevoflurane has a higher incidence 
of emergence delirium compared to desflurane (D).

R E F E R E N C E S

Inhalational Anesthetics. In: Butterworth J, Mackey DC, Wasnick J, 
eds. Morgan and Mikhail’s: Clinical Anesthesia. 5th ed. New York, 
NY: McGraw-Hill; 2013:170.

Brian JA, Lerman J, Coté CJ. Pharmacokinetics and Pharmacology of 
Drugs Used in Children. In: Cote CJ, Lerman J, Anderson B, eds. A 
Practice of Anesthesia for Infants and Children. 5th ed. Philadelphia, 
PA: Saunders; 2013:109–10.

Peter JD, Adrian B, Andrew D, Nathalia J, Evan K, Anne ML, Stevan 
PT, Susan W. Pharmacology of Pediatric Anesthesia. In: Davis PJ, 
Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for Infants and 
Children. 8th ed. St. Louis, MO: Elsevier Mosby; 2011:233–4.

35. ANSWER: D

Remifentanil is a synthetic opioid with rapid onset and brief 
elimination half-life of about 3–6 minutes. Remifentanil 
is metabolized by plasma and tissue esterases, which are 
present and mature at birth (D). Remifentanil is the only 
opioid that has increased rather than reduced clearance 
in the neonatal period. Tolerance and hyperalgesia have 
both been described with remifentanil infusions. Chest 
wall rigidity and vocal cord closure have been described 
with bolus doses of remifentanil. All other opioids rely on 
hepatic and/or renal clearance for elimination of the drug 
(A, B, and C). Hepatic enzymatic activity (CYP3A4) and 
hepatic blood flow are both reduced in the neonatal period, 
leading to reduced hepatic extraction, metabolism, and 
clearance of drug. Reduced glomerular filtration rate leads 
to a reduced renal clearance of drugs and metabolites.

R E F E R E N C E

Brian JA, Lerman J, Coté CJ. Pharmacokinetics and Pharmacology of 
Drugs Used in Children. In: Cote CJ, Lerman J, Anderson B, eds. A 
Practice of Anesthesia for Infants and Children. 5th ed. Philadelphia, 
PA: Saunders; 2013:134–5.

36. ANSWER: B

Cerebral palsy (CP) is a neuromuscular disorder of move-
ment relating to abnormal development or injury to the 
developing brain. CP is not a primary disorder of the 
neuromuscular junction; however, changes at the neuro-
muscular junction occur, including the upregulation of 
immature acetylcholine (ACh) receptors. Nondepolarizing 
muscle relaxants are competitive agonists at ACh recep-
tors. Conditions with upregulation of ACh receptors 
result in resistance to nondepolarizing muscle relax-
ants because more receptors must be blocked (B). 
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figure 3.5 The minimum alveolar concentration (MAC) of desflurane 
in neonates, infants, and children. MAC in full-term neonates of 
9.2% increased slowly during infancy, reaching a zenith in infants 6 
to 12 months of age of 9.9% and decreased thereafter with increasing 
age to adulthood. All MAC measurements were performed with 
desflurane in oxygen using a single skin incision. (Data from Taylor 
RH, Lerman J. Minimum alveolar concentration of desflurane 
and hemodynamic responses in neonates, infants, and children. 
Anesthesiology. 1991;75:975–9. Reprinted with permission.)
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Sensitivity to nondepolarizing muscle relaxants occurs in 
conditions with downregulation of ACh receptors such as 
myasthenia gravis (C). Succinylcholine works by binding 
ACh receptors and causing muscle action potential, result-
ing in fasciculations. The muscle is not able to repolarize 
because succinylcholine cannot be metabolized by acetyl-
cholinesterases. Return of muscle function occurs as succi-
nylcholine diffuses away from the receptor. Fasciculations 
result from muscle depolarization with potassium release. 
Succinylcholine normally causes an increase in potassium 
by 0.5 mEq/L. Hyperkalemia can result when succi-
nylcholine is used in conditions with increased extra-
junctional immature ACh receptors, including burns, 
spinal cord injury, stroke, and prolonged immobili-
zation. Hyperkalemia also occurs after succinylcholine 
use in Duchenne’s muscular dystrophy due to potassium 
leak from muscle breakdown. CP does have an increased 
number of immature ACh receptors; however, the recep-
tors are located close to neuromuscular junction rather 
than widespread and cause weak-to-no effect to augment 
the response to succinylcholine (A and D). One theory to 
explain the lack of substantive hyperkalemic response to 
succinylcholine in patients with CP is that the muscles are 
never fully developed or functionally innervated.

K E Y FAC T S

• Conditions with upregulation of ACh receptors result in 
resistance to nondepolarizing muscle relaxants.

• The use of succinylcholine can lead to hyperkalemia in 
conditions with increased extrajunctional immature 
ACh receptors, including burns, spinal cord injury, 
stroke, and prolonged immobilization.
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37. ANSWER: C

Pain upon injection of propofol is common and likely the 
result of nociceptive effect of propofol in the outer aque-
ous layer not covered by lipid micelles. Pain is more com-
mon when injected into small peripheral veins. Multiple 
strategies have been in an attempt to prevent pain on injec-
tion and IV lidocaine with tourniquet on 30–60 sec-
onds prior to propofol injection proved to be the most 

effective (C). Propofol lidocaine mix and fentanyl prior to 
propofol injection are about equally effective at preventing 
pain (A and B). Cold packs on the arm proved least effective.

R E F E R E N C E
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38. ANSWER: B

Local anesthetic (LA) toxicity is a potentially 
life-threatening complication of regional anesthesia. CNS 
and cardiac toxicity both occur with CNS symptoms nor-
mally preceding cardiac symptoms. However, bupivacaine 
has a lower threshold for cardiac toxicity than other LA, 
resulting in the potential for cardiac symptoms to occur 
at the same time or precede CNS toxicity. Ropivacaine, a 
long-acting LA, has less cardiac toxicity because it is only 
L-enantiomers, which have lower affinity for cardiac sodium 
channels. The maximum dose of ropivacaine is 3 mg/kg 
or 60 mg in this patient. A dose of 9 cc of 0.5% ropivacaine 
contains 45 mg of ropivacaine and does not exceed the max-
imum dose (A). Maximum dose of lidocaine is dependent 
on the presence of epinephrine in the solution. Epinephrine 
causes local vasoconstriction and decreases systemic uptake. 
The maximum dose of lidocaine is 5 mg/kg without 
epinephrine and 7 mg/kg with epinephrine. A  dose 

Table 3 .4 MAXIMUM R ECOMMENDED DOSES AND 

DUR ATION OF ACTION OF COMMONLY USED LOCAL 

ANESTHETICS

LOCAL 

ANESTHETIC

M AXIMUM 

DOSE (MG/KG)*

DUR ATION OF 

ACTION (MINUTES)†

Procaine 10 60–90

2-Chloroprocaine 20 30–60

Tetracaine 1.5 180–600

Lidocaine 7 90–200

Mepivacaine 7 120–240

Bupivacaine 2.5 180–600

Ropivacaine 3 120–240

* Maximum doses of local anesthetics. Doses of amides should be decreased 
by 30% in infants younger than 6 months of age. When lidocaine is being 
administered intravascularly (e.g., during intravenous regional anesthesia), 
the dose should be decreased to 3 to 5 mg/kg; there is no need to administer 
long-acting local anesthetic agents for intravenous regional anesthesia, and 
such a practice is potentially dangerous.

† Duration of action is dependent on concentration, total dose, site of 
administration, and the child’s age.
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of 9 cc 2% lidocaine contains 180 mg of lidocaine, which 
exceeds the maximum dose of lidocaine with epinephrine 
in this patient (140 mg maximum dose) (B). Bupivacaine 
has a maximum dose of 2.5 mg/kg with and without 
epinephrine. A dose of 15 cc 0.25% bupivacaine contains 
37.5 mg, which is below the maximum dose of 50 mg in this 
patient (C and D). While maximum doses are recommen-
dations, other factors affecting toxicity should be taken 
into consideration, including location of block, age and 
hepatic function (in reference to plasma protein bind-
ing and metabolism, which are impaired in neonates), 
and duration of infusion/speed of injection.

R E F E R E N C E

Santhanam S, David MP, Coté CJ. Regional Anesthesia. In: Cote CJ, 
Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants and 
Children. 5th ed. Philadelphia, PA: Saunders; 2013:836–9.

39. ANSWER: B

Risk factors for PONV in the pediatric population 
include (1)  age greater than 3  years, (2)  duration of 
procedure greater than 30 minutes, (3)  strabismus 
surgery, and (4)  history of PONV in the patient or 
first-degree relative. PONV has multiple treatment strate-
gies. Ondansetron is a selective serotonin receptor antago-
nist blocking the serotonin receptor subtype 5-HT

3
 located 

centrally in the chemoreceptor trigger zone and peripher-
ally in the abdominal vagal afferents (B). Common side 
effects of ondansetron are QT prolongation and headache. 
Multiple H

1
 receptor antagonists have antiemetic effects 

and include diphenhydramine (Benadryl), proclorperazine 
(Compazine), and promethazine (Phenergan). Sedation is 
a common side effect of H

1
 blockers, which limits use in 

the postoperative period. Metoclopramide and droperidol 
both have antiemetic activity secondary to dopamine recep-
tor antagonism (A). Metoclopramide is an antagonist 
of the Dopamine D2 receptor and is also an agonist on 
serotonin 5-HT4 receptors and causes weak inhibition 
of 5-HT3 receptors (C). It produces prokinetic effects 
of the GI tract secondary to enhancement of acetylcho-
line activity at GI tract smooth muscle muscarinic recep-
tors. Extrapyramidal symptoms are a potential side effect 
of metoclopramide. Metoclopramide is much less effective 
than ondansetron at preventing PONV. Droperidol pro-
longs QT interval and has resulted in torsades de pointes 
when used in high doses; however, risk of torsades at lower 
antiemetic doses has been questioned. Neurokinin-1 
receptor antagonists (aprepitant) block substance P both 
centrally and in the GI tract (D). While postoperative 
reduction in nausea is similar to ondansetron, reduction in 
postoperative vomiting is significantly reduced. Routine use 
of aprepitant is limited by cost.

R E F E R E N C E S

“Adjuncts to Anesthesia” in Butterworth J, Mackey DC, Wasnick J, 
eds. Morgan and Mikhail’s: Clinical Anesthesia. 5th ed. New York, 
NY: McGraw-Hill; 2013:283–6.

Andreas H.  Taenzer, Jeana E.  Havidich. Postanesthesia Care Unit 
and Beyond. In:  Cote CJ, Lerman J, Anderson B, eds. A Practice 
of Anesthesia for Infants and Children. 5th ed. Philadelphia, 
PA: Saunders; 2013:987–9.

Chistian C Apfel. Postoperative Nausea and Vomiting: In: Miller RD, 
Eriksson LI, Fleisher L, Wiener-Kronish J, Young WL, eds. Miller’s 
Anesthesia. 7th ed. Philadelphia, PA:  Churchill Livingstone; 
2009:2744–48.

40. ANSWER: C

Perioperative anaphylaxis most commonly occurs at induc-
tion with the most likely offending agent being muscle 
relaxants followed by latex and antibiotics. Atopy, asthma, 
eczema, and previous allergic/anaphylactic reaction are risk 
factors. Anaphylaxis results from IgE-mediated hypersensitiv-
ity reaction causing degranulation of mast cells that releases 
histamine along with other vasoactive proinflammatory sub-
stances. Vasodilation, bronchoconstriction, and increased vas-
cular permeability result in the symptoms of anaphylaxis. The 
most important first step in treatment is hemodynamic 
support and bronchodilation, as well as mast cell stabiliza-
tion, all of which are accomplished with epinephrine (C). 
Depending on the severity of hemodynamic collapse, epineph-
rine can be given intramuscularly or intravenously. The β

2
 and 

α
1
 agonist effects of epinephrine will treat the bronchocon-

striction and vasoconstriction, respectively. Albuterol has β
2
 

agonist effects, but it would not be the next step in treatment 
for the reasons listed earlier (D). The anti-inflammatory effects 
of hydrocortisone are often delayed 4–6 hours and while indi-
cated in the treatment of anaphylaxis would not be the next 
best step (A). Diphenhydramine, an H

1
 blocker, is also used 

in the treatment of anaphylaxis with varying degrees of suc-
cess but does not treat the most life-threatening symptoms of 
anaphylaxis and therefore would not be the next best step (B). 
Volume resuscitation is also an important step in treating vaso-
dilation following mast cell degranulation.

K E Y FAC T S

• The most common etiology of intraoperative anaphylaxis 
is the administration of muscle relaxants followed by 
latex exposure and antibiotic administration.

• The first step in treatment is to administer 
epinephrine to accomplish hemodynamic support and 
bronchodilation, as well as mast cell stabilization.

R E F E R E N C E

Randall F. Clinical Complications in Pediatric Anesthesia. in Gregory. 
Gregory’s Pediatric Anesthesia. 5th ed. 1177–80.
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41. ANSWER: C

During performance of an awake fiberoptic intubation, it 
is important to anesthetize the patient’s oropharynx well in 
order to keep the patient comfortable. However, anesthesiolo-
gists must be cognizant of maximum allowed local anesthetic 
dose for the patient’s weight. The maximum dose of lidocaine is 
5 mg/kg without epinephrine and 7 mg/kg with epinephrine.

This patient is suffering from acute methemoglobin-
emia from nebulized lidocaine. The calculated dose of 
lidocaine that the patient has received is (40 mg/mL × 
3  =  120 mg), which is over the patient’s upper limited of 
recommended dose.

Sodium thiosulfate is used as an antidote for cyanide 
poisoning. It enhances the conversion of cyanide to thiocy-
anate, which is renally excreted. Thiosulfate has a somewhat 
delayed effect and thus is typically used with sodium nitrite 
for faster antidote action (A). Administering epinephrine 
would not be the first step that needs to be taken since the 
patient is hemodynamically stable (B). The patient is symp-
tomatic with respiratory distress. It would not be advisable to 
waste time drawing an ABG prior to starting treatment (D).

Since the issue is most likely due to a toxic dose of 
lidocaine for the patient, methylene blue would be the 
first-line treatment (C). The initial dose can be 1–2 mg/
kg over 5 minutes and the total dose should not exceed 
7–8 mg/kg. Methylene blue works by accelerat-
ing the enzymatic reduction of methemoglobin by 
NADPH-methemoglobin reductase. The response is usu-
ally rapid and the dose may be repeated in 1 hour. However, 
it is important to remember that if any patient has G6PD 
deficiency, methylene blue should not be used since it can 
cause hemolysis. Other treatments include ascorbic acid 
(2 mg/kg), hyperbaric oxygen chamber, and exchange 
transfusions.

K E Y FAC T S

• Methylene blue is used to treat methemoglobinemia by 
accelerating the enzymatic reduction of methemoglobin 
by NADPH-methemoglobin reductase.

• Sodium thiosulfate is used as an antidote for cyanide 
poisoning. It enhances the conversion of cyanide to 
thiocyanate, which is renally excreted.

R E F E R E N C E

Oprea A. Chap 20 Hematologic Disorders. In: Hines RL, Marshall K, 
eds. Stoelting’s Anesthesia and Co-Existing Disease. 6th ed. Oprea 
AD, Philadelphia, PA: Saunders; 2012: 416–17.

42. ANSWER: D

Administering mannitol may help reduce intracranial pres-
sure (ICP) and thus decrease the size of the brain. Mannitol 

decreases ICP by decreasing blood viscosity. However, it 
also transiently increases the cerebral blood flow and oxy-
gen transport. It also reduces ICP by withdrawing water 
from the brain parenchyma. Starting doses (0.25–0.5 mg/
kg intravenously) raise serum osmolality by approximately 
10 mOsm. It takes about 20 to 30 minutes for this osmotic 
effect of the drug to develop. If given too rapidly, manni-
tol can cause transient hypotension (D).

It is also imperative to know that repeated doses may 
increase serum osmolality to >320 mOsm (B).

Since mannitol has properties of reducing ICP, it would 
be unlikely that administration of this medication will 
cause brain herniation (A).

Due to increase in free water loss after mannitol admin-
istration, hypernatremia rather than hyponatremia is a 
known complication (C).

Another possible treatment is hypertonic (3%) saline. It 
has been used more recently in the treatment of elevated ICP 
in patients with traumatic and nontraumatic cerebral edema 
because sodium does not cross the blood–brain barrier 
quickly and its osmolar gradient is similar to mannitol.

K E Y FAC T S

• Mannitol can cause transient hypotension if given 
rapidly.

• Mannitol may increase serum osmolality.

R E F E R E N C E S

Holzman RS, Mancuso TJ, Sethna NF, DiNardo JA, eds. Pediatric 
Anesthesia Review:  Clinical Cases for Self-Assessment. New  York, 
NY: Springer; 2010:173–86.

Kochanek P, Bell M. Chap 63. Neurologic Emergencies and 
Stabiilzation. In:  Kliegman RM, Stanton B, St. Geme J, Schor 
NF, Behrman RE, eds. Nelson Textbook of Pediatrics. 19th ed. 
Philadelphia, PA: Saunders; 2011:299–300.

Drummond J, Patel P. Chap 63 Neurosurgical Anesthesia. In: Miller 
RD, Eriksson LI, Fleisher L, Wiener-Kronish J, Young WL, eds. 
Miller’s Anesthesia. 7th ed. Philadelphia, PA: Churchill Livingstone; 
2009:2051–2052.

Pollay M, Fullenwider C, Roberts PA, et al. Effect of mannitol and furo-
semide on blood-brain osmotic gradient and intracranial pressure. J 
Neurosurg. 1983;59:945.

43. ANSWER: C

In order to decrease ICP, 3% saline and mannitol have 
been used successfully (A). Fisher et al. reported on 18 pedi-
atric patients with traumatic brain injury who were enrolled 
in a double-blind, crossover study to compare the effects of 
3% saline and 0.9% saline infusions on elevated ICP. The 
authors found that mean ICP was lowered by 4 mm Hg for 
2 hours after the transfusion in the group that received 3% 
saline without changes in central venous pressure or renal 
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function. For the group who received 0.9% saline, ICP 
remained unchanged.

Barbiturates have some advantages in neurosurgical 
patients, since this class of drugs does lower both cere-
bral blood flow (CBF) and the cerebral metabolic rate 
for oxygen (CMRO

2
) (B). A  bolus of thiopental reduces 

ICP for 5–10 minutes. Pentobarbital can also effectively 
reduce ICP. Rectal administration of metholhexital will 
induce a light sleep in most children and can help decrease 
ICP by preventing agitation.

Intravenous or intramuscular midazolam is another 
possibility for a particularly anxious, uncooperative child 
who refuses oral premedication (D). Most intravenous seda-
tives decrease CBF and ICP.

Ketamine is a potent cerebral vasodilator; thus, it 
increases CBF, which can cause sudden increases in ICP 
(C). Therefore, ketamine should be avoided in patients with 
increased ICP.

K E Y FAC T S

• Hypertonic saline and mannitol have been used 
successfully to decrease ICP.

• Ketamine is a potent cerebral vasodilator; thus, it 
increases CBF, which can cause sudden increases in ICP.

• Barbiturates lower both CBF and the cerebral metabolic 
rate for oxygen (CMRO

2
).

R E F E R E N C E S

Fisher B, Thomas D, Peterson B. Hypertonic saline lowers raised 
intracranial pressure in children after head trauma. J Neurosurg 
Anesthesiol. 1992;4:4–10.

Qureshi AI, Suarez JI. Use of hypertonic saline solutions in treatment 
of cerebral edema and intracranial hypertension. Crit Care Med. 
2000;28:3301.

44. ANSWER: C

Vesicoureteral reflux (VUR) is one of the most common 
abnormalities of the urinary tract in children and is present 
in about 25%–50% of those who have UTIs. In a patient 
undergoing vesicoureteral reimplantation, one must under-
stand where the incision will be and where pain may refer to.

The classic surgical approach for vesicoureteral reflux is an 
open procedure in which the affected ureters are reimplanted 
into the bladder wall, re-creating a normal muscle flap valve.

This involves a lower abdominal incision and 3 to 4 
hours of surgery.

A dose of 10 µg/kg hydromorphone is a large dose (A). 
When given as a bolus rather than a continuous infusion, it 
may cause apnea. In addition, the patient’s pain will not be 
managed as well as regional anesthetic.

The dosage prescription scheme of Armitage for caudal 
blocks that was published many years ago still remains the 
most dependable.

With 0.5 mL/kg, all sacral dermatomes are blocked (B).
With 1.0 mL/kg, all sacral and lumbar dermatomes are 

blocked (C).
With 1.25 mL/kg, the upper limit of anesthesia is at 

least midthoracic (D).
However, when 1.25 mL/kg is injected, there is a danger 

of excessive rostral spread (above T4); it is therefore preferable 
not to administer more than 1.0 mL/kg of local anesthetic.

R E F E R E N C E S

Armitage EN. Regional anaesthesia in paediatrics. Clin Anesthesiol. 
1985;3:553–8.

Capozza N, Caione P. Vesicoureteral reflux:  surgical and endoscopic 
treatment. Pediatr Nephrol. 2007;22:1261–5.

Dalens B, Hasnaoui A. Caudal anesthesia in pediatric surgery: success 
rate and adverse effects in 750 consecutive patients. Anesth Analg. 
1989;68:83–9.

45. ANSWER: D

Prophylaxis for postoperative nausea and vomiting 
(PONV) is recommended for patients undergoing inner 
ear surgery, strabismus surgery, because incidence of 
PONV in untreated patients is 40%–90%. When post-
operative nausea and vomiting (PONV) occurs, treatment 
should be administered with an antiemetic from a pharma-
cologic class that is different from the prophylactic drug 
initially given.

If no prophylaxis was given, the recommended treatment 
is a low-dose 5-HT3 antagonist. It is also recommended 
that if PONV occurs within 6-hour postoperatively, 
patients should not receive a repeat dose of the prophy-
lactic antiemetic (A and B).

Repeating the medication given for PONV prophy-
laxis within the first 6 hours after the patient has left the 
PACU has not been shown effective. If more than 6 hours 
has elapsed, it may be possible to achieve some effect with a 
second dose of a 5-HT antagonist or butyrophenone (dro-
peridol or haloperidol); however, this has not been dem-
onstrated in clinical trials and should only be attempted if 
triple therapy (scopolamine, ondansetron, and dexametha-
sone) has been used for prophylaxis.

A second administration of dexamethasone (A)  or 
transdermal scopolamine is not recommended for use as 
rescue agents. Metoclopramide is a gastroprokinetic agent 
and is used to treat PONV and gastroesophageal reflux 
disease. It has a black box warning regarding the adverse 
drug reaction of tardive dyskinesia (C). Promethazine (or 
Phenergan) is an H

1
 blocker and has antiemetic properties 
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(D). However, it may be inappropriate in children under 
the age of 2 because of risk of airway compromise.

No benefit was demonstrated with the use of anticho-
linergic medications or with gastric content evacuation 
before emergence from anesthesia.

R E F E R E N C E S

Gan TJ, Meyer T, Apfel CC, et al. Consensus guidelines for managing 
postoperative nausea and vomiting. Anesth Analg. 2003;97:62–71.

Gan TJ, Meyer TA, Apfel CC, et al. Society for ambulatory anesthesia 
guidelines for the management of postoperative nausea and vomit-
ing. Anesth Analg. 2007;105:1615–28.

Kovac AL, O’Connor TA, Pearman MH, et al. Efficacy of repeat intra-
venous dosing of ondansetron in controlling postoperative nausea 
and vomiting: a randomized, double-blind, placebo-controlled mul-
ticenter trial. J Clin Anesth. 1999;11:453–9.

46. ANSWER: D

Local anesthetics can be absorbed to cause toxic effects 
in human. These effects range from tinnitus and metallic 
taste to seizure and cardiovascular collapse. There are two 
major proteins in the body that help to bind the local 
anesthetics: serum albumin and alpha-1-acid glycopro-
tein. Serum albumin has a low affinity for local anesthetics, 
and many other medications can competitively bind to the 
sites. Moreover, during the first month of life, plasma levels 
of serum albumin are low. This is especially true for prema-
ture and fasted infants. Therefore, the protection offered by 
serum albumin against systemic toxicity of local anesthetics 
is low (A).

Elastin is a protein in connective tissue that is elastic 
and allows many tissues in the body to resume their shape 
after stretching and contraction. It does have a role in bind-
ing local anesthetics (B).

C-reactive protein is mainly used as a marker of 
inflammation and it does not have a role in binding local 
anesthetics (C).

α1-acid glycoproteins have high affinity for local 
anesthetics (5,000–10,000 times greater than that of 
albumin). Having such high affinity makes alpha-1-acid 
glycoproteins effective at protecting patients from systemic 
toxicity (D). Of note, plasma concentration of alpha-1-acid 
glycoproteins is very low at birth (0.2–0.3 g/L) and does 
not reach adult level before age 1. Given the fact that both 
of these proteins’ plasma concentration is low at birth, it 
is imperative to decrease the maximum dose of local anes-
thetic administered.

R E F E R E N C E S

Dalens B. Chap 81 Regional anesthesia in children. In:  Miller RD, 
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Eyres RL, Hastings C, Brown TCK, Oppenheim RC. Plasma bupiva-
caine concentrations following lumbar epidural anaesthesia in chil-
dren. Anaesth Intens Care. 1986;14:131–4.

Meunier JF, Goujard E, Dubousset AM, Samii K, Mazoit JX. 
Pharmacokinetics of bupivacaine after continuous epidural infusion 
in infants with and without biliary atresia. Anesthesiology. 2001; 
95:87–95.

47. ANSWER: D

Narrow-angle glaucoma is caused by contact between 
the iris and trabecular meshwork, which in turn obstructs 
outflow of the aqueous humor from the eye. This contact 
between iris and trabecular meshwork may gradually dam-
age the function of the meshwork until it fails to keep pace 
with aqueous production, and the pressure rises.

Because some children with trisomy 21 have 
narrow-angle glaucoma, atropine must be administered 
cautiously because it might worsen the glaucoma (B). All 
anticholinergic agents (atropine, glycopyrrolate, sco-
polamine) cause mydriasis, where pupil dilation causes 
increased obstruction of aqueous humor drainage from the 
eye. Atropine is metabolized in the liver by N-demethylation 
followed by conjugation with glucuronic acid. The kidneys 
eliminate half of the drug. The elimination half-life in 
healthy adults is about 3 hours, whereas that in term neo-
nates it is 12 hours.

Glycopyrrolate (5 to 10  µg/kg) is a synthetic quater-
nary ammonium compound with potent anticholinergic 
properties. It offers advantage over atropine and scopol-
amine because of its quaternary structure, which limits 
crossing the blood–brain barrier. It is contraindicated in 
patients with glaucoma (A).

Scopolamine is a tertiary amine with greater CNS 
effects than atropine, causing sedation and amnesia. It has 
moderate antiemetic activity. To minimize the relatively 
high incidence of side effects, the transdermal dosage form 
has been developed for nausea and vomiting; however, its 
use is generally limited to teenagers so as to avoid potential 
toxicity.

In clinical practice, scopolamine is usually limited to 
those situations that require sedation. Scopolamine is also 
contraindicated in patients with glaucoma (C).

The central sedative effects of both atropine and scopol-
amine may be antagonized with physostigmine.

Pilocarpine is a parasympathomimetic agent that pro-
duces miosis and a fall in intraocular pressure (IOP) that 
is thought to result from an increase in aqueous humor 
outflow (D); thus, pilocarpine can be used safely in patients 
with glaucoma. Of note, at recommended dosages, side effects 
are rare but may include GI disturbances and diaphoresis.
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K E Y FAC T S

• Anticholinergic agents cause mydriasis, which leads to 
obstruction of aqueous humor drainage from the eye and 
are therefore contraindicated in patients with glaucoma.

• Pilocarpine is a parasympathomimetic agent that causes 
miosis and a decrease in IOP that is thought to result 
from an increase in aqueous humor outflow.

R E F E R E N C E S
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48. ANSWER: D

Intralipid (Baxter Healthcare) is a sterile, nonpyrogenic 
fat emulsion prepared for intravenous administration as a 
source of calories and essential fatty acids. Its main ingre-
dients include soybean oil, glycerine, water, and egg yolk 
phospholipids. Possible side effects of Intralipid include fat 
emboli, allergic reactions, thrombophlebitis, hypertrigly-
ceremia, and pulmonary hypertension.

The exact mechanism of lipid emulsion reversing local 
anesthetic toxicity is currently unclear. It is proposed that 
lipid emulsion creates a “lipid sink” where bupivacaine par-
titions preferentially into lipid globules.

The current recommendation from both the Association of 
Anaesthetists of Great Britain and Ireland and the American 
Society of Regional Anesthesia and Pain Medicine is a bolus 
dose of 1.5 ml/kg over 1 minute of 20% Intralipid (D) and 
start an infusion of 15 mL/kg per hour. After 5 minutes, 
if hemodynamic stability is not restored, two repeat boluses 
may be given every 5 minutes and the infusion rate may be 
increased to 30 mL/kg per hour. The maximum cumulative 
dose should not exceed 10 ml/kg over the first 30 minutes.

K E Y FAC T S

• Intralipid 20% is a sterile, nonpyrogenic fat emulsion for 
the treatment of local anesthetic toxicity.

• It is given as a bolus dose of 1.5 ml/kg over 1 minute 
followed by an infusion of 15 mL/kg per hour.

R E F E R E N C E S
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h t t p : // w w w. a s r a . c o m /c h e c k l i s t- f o r- l o c a l - a n e s t h e t i c - t
oxicity-treatment-1-18-12.pdf

h t t p s : // w w w. a s r a . c o m /a d v i s o r y - g u i d e l i n e s /a r t i c l e / 3 /
checklist-for-treatment-of-local-anesthetic-systemic-toxicity

49. ANSWER: A

Succinylcholine consists of two acetylcholine molecules 
linked together. Succinylcholine stimulates both musca-
rinic and nicotinic cholinergic receptors. Stimulation 
of muscarinic receptors within the sinus node results in 
numerous bradyarrhythmias, including sinus bradycardia, 
junctional rhythms, ventricular escape, and asystole (A).

Cardiac arrhythmias frequently follow intravenous 
administration. This was especially more frequent when hal-
othane was used. Barbiturates have been shown to decrease 
the central vagal activity; thus, induction of thiopental can 
decrease the muscarinic effects of succinylcholine.

Prior intravenous administration of atropine reduces 
the incidence of arrhythmias. However, the same reduction 
was not seen with intramuscular administration of atropine 
as a premedication. Cardiac sinus arrest may follow the 
first dose of succinylcholine but is more common after 
repeated bolus administration; such arrest may occur in 
children of any age.

Although the incidence of bradycardia is low in older 
children, there are case reports of teenagers having severe 
bradycardia or cardiac arrests after succinylcholine admin-
istration without atropine. Therefore, atropine should 
probably be given intravenously just before the first dose of 
succinylcholine in all children, including teenagers, unless 
there is a contraindication to tachycardia.

K E Y FAC T S

• Succinylcholine stimulates muscarinic and nicotinic 
cholinergic receptors.

• Cardiac sinus arrest may follow the first dose of 
succinylcholine but is more common after repeated bolus 
administration.

R E F E R E N C E S
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50. ANSWER: C

A comparison of infants with older children regarding their 
response to nondepolarizing muscle relaxants shows that 
infants are generally more sensitive to these drugs and 
that their response varies to a greater degree. Taivainen 
and colleagues showed that rocuronium’s potency is greater 
in infants than in children, but its onset is faster in 
children (C).

Although the initial dose per kilogram needed for neu-
romuscular blockade is often similar for children of all 
ages, the greater volume of distribution and reduced 
renal or hepatic function of infants result in a slower 
rate of excretion and hence a prolongation of effect 
(C). Neuromuscular blockade occurs at a lower blood 
concentration.

K E Y FAC T S

• Infants are more sensitive to rocuronium, but onset is 
fastest in older children.

• Infants have a greater volume of distribution and 
reduced renal or hepatic function, which results in a 
slower rate of excretion and hence a prolongation of 
effect of rocuronium.

R E F E R E N C E

Taivainen T, Meretoja OA, Erkola O, et  al. Rocuronium in infants, 
children and adults during balanced anaesthesia. Paediatr Anaesth. 
1996;6:271–5.

51. ANSWER: D

Propofol (2,6-diisoprophylphenol) are lipid suspensions 
that contain lecithin/phophatide and soy oil. Interestingly, 
there is no consensus on contraindications for propofol. 
Warning labels differ among countries for the same for-
mulation of propofol supplied by the same company. The 
2009 guidelines on suspected anaphylactic reactions asso-
ciated with anesthesia published by the Association of 
Anesthetists of Great Britain and Ireland claim there is 
no evidence that propofol should be avoided in egg- or 
soy-allergic patients but suggest a cautious approach is 
required in such patients. In the United States, there is no 
food allergy warning for the use of propofol. However, in 
Australia, labels warn of reactions in egg- or soy-allergic 
individuals.

Propofol contains egg lecithin lipids derived from heated 
egg yolk. Egg lecithin is typically used as a natural stabilizer 
in food preparations. Egg lecithin has been reported to con-
tain residual egg yolk but no egg white proteins. Therefore, 
this patient should be able to safely receive propofol (D).

R E F E R E N C E S

Harper NJ, Dixon T, Dugue P, et al., Suspected anaphylactic reactions 
associated with anaesthesia. Anaesthesia. 2009;64:199–211.

Marik PE. Propofol:  therapeutic indications and side-effects. Curr 
Pharm Des. 2004;10:3639–49.

Murphy A, Campbell DE, Baines D, Mehr S. Allergic reactions to pro-
pofol in egg-allergic children. Anesth Analg. 2011;113(1):140–4.

52. ANSWER: B

The major concern with propofol is the potential for pro-
pofol infusion syndrome (PRIS). PRIS is usually diag-
nosed when a patient has been on high-dose propofol 
infusion (greater than 70 µg/kg per minute) for a pro-
longed period of time (usually more than 48 hours) 
who also has insidious onset of lactic acidosis, hyper-
kalemia, rhabdomyolysis, cardiac failure, or renal 
failure (A).

Patients who have PRIS may deteriorate even further, 
causing cardiovascular collapse that is refractory to all 
resuscitative efforts. Interestingly, patients may also mani-
fest PRIS with sudden onset of bradycardia that is refrac-
tory to usual treatments.

Although no such cases have been reported in healthy 
children during routine anesthesia care, there has been a 
case report of a child with a genetic defect in lipid metabo-
lism who had received approximately 150 µg/kg per min-
ute for 6.5 hours during scoliosis repair. This case report 
suggests caution in the use of propofol in children with 
known defects in lipid metabolism. Moreover, this may 
include some forms of mitochondrial disease. However, it 
should be noted that propofol has been used safely in many 
children with mitochondrial disease. Therefore, it is most 
likely that patients with lipid metabolism defect may 
be at risk (B).

Other risk factors include concomitant catecholamine 
inotrope infusions or high-dose corticosteroids and sepsis.

Another case report included a 5-year-old undergoing 
an arteriovenous malformation resection when an unex-
plained metabolic acidosis was detected after 6-hour propo-
fol infusion. When the infusion stopped, the signs of PRIS 
also resolved.

Diagnosis of PRIS is challenging. Laboratory studies 
have shown that blood concentrations of malonylcarnitine 
and C5-acylcarnitine are increased. These compounds are 
known to inhibit carnitine palmitoyl transferase and the 
transfer of LCT into mitochondria.

K E Y FAC T S

• PRIS has been associated with high-dose propofol 
infusion (greater than 70 µg/kg per minute) for a 
prolonged period of time (usually more than 48 hours).
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• PRIS has insidious onset of lactic acidosis, hyperkalemia, 
rhabdomyolysis, cardiac failure, or renal failure.

• Patients with lipid metabolism defects are more likely 
at risk.

R E F E R E N C E S

Cote CJ, Lerman J, Anderson B. Chap 6 Pharmacokinetics and 
Pharmacology of Drugs Used in Chilren in A Practice of Anesthesia 
for Infants and Children. 5th ed. Philadelphia, PA:  Saunders; 
2013:115–16.

Koch M, De BD, Vincent JL. Lactic acidosis: an early marker of propo-
fol infusion syndrome? Intensive Care Med. 2004;30:522.

Parke TJ, Stevens JE, Rice AS, et al. Metabolic acidosis and fatal myo-
cardial failure after propofol infusion in children: five case reports. 
BMJ. 1992;305:613–6.

Shipton EA, Prosser DO. Mitochondrial myopathies and anaesthesia. 
Eur J Anaesthesiol. 2004;21:173–8.

Vasile B, Rasulo F, Candiani A, Latronico N. The pathophysiology of 
propofol infusion syndrome: a simple name for a complex syndrome. 
Intensive Care Med. 2003;29:1417–25.

Wolf A, Weir P, Segar P, Stone J, Shield J. Impaired fatty acid oxidation 
in propofol infusion syndrome. Lancet. 2001;357:606–7.

53. ANSWER: A

The effects of chronic anticonvulsant therapy (CAT) 
have made administering neuromuscular blockade more 
challenging. Richard and colleagues demonstrated that 
patients who have been on CAT resulted in faster 25% 
and 75% recovery of the first twitch. Moreover, Wright 
and colleagues have shown that the duration of action of 
vecuronium on patients who have been on chronic phenyt-
oin administration is reduced. The clearance of vecuronium 
was typically increased by 138%. They concluded that 
patients on CAT reduce the effects of neuromuscu-
lar blockade by mechanisms that include both increased 

metabolism and reduced sensitivity of the patient to circu-
lating concentration of vecuronium.

Our patient is on multiple medications that induce 
CYP P450. Although omeprazole is one of the inducers, it 
is less likely than carbamazepine to cause increased metabo-
lism of rocuronium (A and C). This is most likely the reason 
why the patient had moved only 20 minutes after a large 
dose of muscle relaxation.

R E F E R E N C E S

Richard A, Girard F, Girard DC, et  al. Cisatracurium-induced neu-
romuscular blockade is affected by chronic phenytoin or car-
bamazepine treatment in neurosurgical patients. Anesth Analg. 
2005;100(2):538–44.

Watkins PB. The role of cytochrome P450s in drug-induced liver dis-
ease. In: Kaplowitz N, Deleve LD, eds. Drug-Induced Liver Disease. 
New York, NY: Marcel Dekker; 2003:15–33.

Wright PM, McCarthy G, Szenohradszky J, Sharma ML, Caldwell 
JE. Influence of chronic phenytoin administration on the pharma-
cokinetics and pharmacodynamics of vecuronium. Anesthesiology. 
2004;100(3):626–33.

54. ANSWER: D

Most of the opioids have highly variable pharmacokinetic 
properties in the neonatal period. Due to immature hepatic 
and renal systems in neonates, there is a large phamacoki-
netic variability. Note that unlike with virtually all other 
medications, remifentanil’s half-life is shorter in neo-
nates than in older children (D); this is most likely due to 
elimination of remifentanil by nonspecific plasma and tis-
sue esterases (C). Moreover, neonates have a larger volume 
of distribution compared to older children, which probably 
factors into shorter half-life (A).
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The importance of this observation is that developmen-
tal immaturity of liver and renal function does not affect 
the pharmacokinetics of remifentanil.

Remifentanil does not have the fastest onset of action. 
Alfentanil has a faster onset than remifentanil (B).

As seen in Figure 3.6, during the first few months of 
life, the volume of distribution changes drastically due 
to both anatomic growth and physiologic maturation of 
the body.

R E F E R E N C E S

Cote C, Chapter 82, Pediatric Anesthesia. In: Miller RD, Eriksson 
LI, Fleisher L, Wiener-Kronish J, Young WL, eds. Miller’s 
Anesthesia. 7th ed. Philadelphia, PA:  Churchill Livingstone; 
2009:2570–72.

Ross AK, Davis PJ, Dear Gd GL, et al. Pharmacokinetics of remifent-
anil in anesthetized pediatric patients undergoing elective surgery or 
diagnostic procedures. Anesth Analg. 2001;93:1393–401.

55. ANSWER: C

Oral forms of opioids such as codeine, hydrocodone, and 
oxycodone have an oral bioavailability of approximately 
60%. They have an onset time of 20 minutes and have 
half-lives ranging from 2.5 to 4 hours.

Hydrocodone and oxycodone have intrinsic analgesic 
property after being ingested. However, codeine is a pro-
drug; it must be metabolized into the active form of morphine 
(C) by the liver’s cytochrome P450 (CYP) 2D6 isoenzyme. 
In patients with normal CYP 2D6, approximately 10% of 

codeine is metabolized into morphine. Unfortunately, 
approximately 7% of the American population has a com-
plete or partial enzymatic deficiency of 2D6, making it 
impossible for them to metabolize codeine into morphine. 
This is the most likely scenario for our opiate-naïve patient 
who is not getting adequate analgesia from codeine.

On the other hand, approximately 3% to 5% of the US 
population are rapid metabolizers, which may cause mor-
phine toxicity due to acute increased plasma level of mor-
phine. Currently, there is no way to predict who is a poor or 
rapid metabolizer.

Morphine is also effective when given orally, but only 
about 20% to 30% of an oral dose reaches the systemic cir-
culation. Therefore, when converting a patient’s intravenous 
morphine dose to oral maintenance therapy, one must mul-
tiply the intravenous dose by a factor of 3 to 4 to provide 
comparable analgesic efficacy.

K E Y FAC T S

• Codeine is a prodrug and must be metabolized into the 
active form of morphine by the liver’s cytochrome P450 
(CYP) 2D6 isoenzyme.

• Approximately 3% to 5% of the US population are rapid 
metabolizers, which may cause morphine toxicity due to 
an acute increased plasma level of morphine.

R E F E R E N C E

Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for 
Infants and Children. 8th ed. St. Louis, MO:  Elsevier Mosby; 
2011:418–51.
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4.
R ESPIR ATORY SYSTEM

Anjali Koka, Elizabeth C. Eastburn, and Raymond Park

1. Formation of alveoli in the human lung begins at:

A. Gestational week 39
B. Gestational week 36
C. Gestational week 24
D. Gestational week 16

2. Compared to adults, infants have increased chest 
wall compliance due to:

A. Stiff ribs
B. Poorly developed intercostal muscles
C. High content of type I muscle fibers in the diaphragm
D. High elastic recoil of the lung

3. Compared to a normal adolescent, airway closure in a 
normal infant is due to:

A. Higher functional residual capacity per kilogram
B. Higher total lung capacity per kilogram
C. Higher closing capacity
D. Higher lung elasticity

4. In children, what is the effect of postextubation croup 
on trachea size and airflow resistance?

A. Trachea diameter decreases and resistance increases 
to the second power.

B. Trachea diameter decreases and resistance decreases 
to the second power.

C. Trachea diameter decreases and resistance increases 
to the fourth power.

D. Trachea diameter decreases and resistance decreases 
to the fourth power.

5. The presence of fetal hemoglobin causes a _____ 
in hemoglobin’s affinity for oxygen. In normal adults  
a _____ in hemoglobin affinity occurs with decrease in pH.

A. Increase, increase
B. Increase, decrease

C. Decrease, decrease
D. Decrease, increase

6. The P50 (mm Hg) for an infant older than 3 months is:

A. 19
B. 27
C. 30
D. 40

7. In the neonate, pulmonary surfactant increases:

A. Alveolar surface tension
B. Lung compliance
C. Work of breathing
D. Pulmonary vascular resistance

8. At birth, as the lungs expand with air, which of the 
following increases:

A. Pulmonary vascular resistance
B. Pulmonary blood flow
C. Right Atrial pressure
D. Surfactant production

9. Which of the following best describes LaPlace’s 
equation:

A. The pressure within a sphere is directly proportional 
to surface tension and inversely related to the size of 
the sphere.

B. At a constant pressure, the volume of a gas will vary 
directly with temperature.

C. The diffusion rate of a gas across a fluid membrane 
is proportional to the difference in partial pressure, 
proportional to the area of the membrane, and 
inversely proportional to the thickness of the 
membrane.

D. The amount of gas dissolved in a solution is 
proportional to the partial pressure of the gas.
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10. Why do infants develop hypoxemia on induction 
more readily than adults?

A. Higher P50
B. Higher oxygen consumption
C. Higher dead space to tidal volume ratio
D. Lower dead space to tidal volume ratio

11. In a spontaneously breathing normal infant, lung 
ventilation is:

A. Greatest in the base
B. Greatest in the dependent regions
C. Greatest in the nondependent regions
D. Same throughout the lung

12. A 2.4 kg neonate is placed in the lateral decubitus 
position for resection of a congenital cystic adenoma-
toid malformation. When single-lung ventilation is 
instituted, the infant desaturates with oxygen satura-
tions in the low 80s. The reason for this desaturation 
can be explained by:

A. Infants have a higher oxygen requirement.
B. Infants have increased perfusion differences between 

dependent and nondependent lungs.
C. Due to greater chest wall compliance, infants 

generally have higher functional residual capacity in 
the dependent lung.

D. Infants have a greater functional advantage of the 
dependent diaphragm.

13. A  4-year-old, 16  kg patient is scheduled for 
video-assisted thoracoscopic surgery for a biopsy of 
lung tissue. The surgeon is requesting single-lung ven-
tilation of the right lung. Which of the following would 
be the most appropriate option for single-lung ventila-
tion in this patient?

A. Single-lumen endotracheal tube (ETT)
B. Bronchial blocker (BB)
C. Double-lumen tube (DLT)
D. Univent endotracheal tube

14. A 14-year-old female presents to the operating room 
for biopsy of supraclavicular lymph nodes associated 
with an anterior mediastinal mass. Prior to induction 
of anesthesia, which of the following is the most appro-
priate next step?

A. Review chest X-ray and lab work
B. Rigid bronchoscope available in room
C. 48 hours of glucocorticoids prior to the procedure
D. Placing the patient in the supine position

15. For patients with pectus excavatum or pectus cari-
natum deformities:

A. The Nuss procedure is equally successful in patients 
of all ages.

B. They do not generally have cardiorespiratory symptoms
C. They do not generally have other comorbidities
D. Have worsening of defects during adolescence

16. Which of the following is the most appropriate 
treatment for a 3 year-old, 12 kg boy with a history of 
snoring and an apnea hypopnea index (AHI) of 18 dur-
ing nocturnal polysomnography?

A. Initiation of continuous positive airway 
pressure (CPAP)

B. Encourage weight loss
C. Tonsillectomy and adenoidectomy
D. No treatment needed

17. Which of the following changes in pulmonary func-
tion would be the first to manifest in an otherwise 
healthy patient with increasing spinal curvature due to 
idiopathic scoliosis?

A. Respiratory acidosis measured by arterial blood gas
B. Decreased vital capacity
C. Decreased FEV1
D. Decreased FRC

18. An 8-month-old male in respiratory distress is 
brought into the emergency room by his parents. On 
physical exam the patient is tachypneic with sternal 
retractions and he has perioral cyanosis. His parents 
report that he has had a cough for the past few days with 
a low-grade temperature.
The best initial treatment is:

A. Bronchoscopy
B. Intubation in the operating room
C. Antibiotics
D. Racemic epinephrine

19. A  previously healthy 18-year-old 50  kg female 
patient was admitted to the intensive care unit with 
acute gallstone pancreatitis. She is febrile and hypo-
tensive, requiring fluid boluses and inotropic support. 
One day later she has required increasing support to 
maintain oxygen saturations greater than 91%. She is 
currently breathing at a rate of 45 times a minute on a 
100% nonrebreathing face mask. An arterial blood gas 
is obtained which shows the following: pH 7.21, PCO

2
 

36, and PaO
2
 64. Which of the following is the next 

appropriate step in management?
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A. Administration of a diuretic, as respiratory 
symptoms are due to volume overload

B. Echocardiogram to rule out ventricular dysfunction 
as cause of hypotension and dyspnea

C. Intubation with pressure support ventilation with 
titration to maintain oxygen saturation >98%

D. Intubation with volume control ventilation target 
tidal volumes 300–400 mL

20. A 4-week-old infant presents to the emergency room 
with an increased work of breathing that has been pres-
ent since birth. On physical exam inspiratory stridor is 
noted. Which of the following is the most likely diagno-
sis of inspiratory stridor in this patient?

A. Subglottic stenosis
B. Laryngeal papilloma
C. Laryngomalacia
D. Vocal cord paresis

21. A flow-volume loop in a child with a bronchogenic 
cyst would most likely show:

A. Normal inspiratory and normal expiratory phase
B. Normal inspiratory phase and abnormal expiratory 

phase that improves after administration of 
bronchodilators

C. Abnormal inspiratory phase and normal 
expiratory phase

D. Normal inspiratory phase and abnormal expiratory 
phase not improved with bronchodilator 
administration

22. A  17-year-old patient with cystic fibrosis presents 
for a functional endoscopic sinus surgery for recurrent 

nasal polyps and chronic sinus disease. Which of the 
following is likely to be included in this patient’s medi-
cal history?

A. Dilated aortic root
B. Imperforate anus
C. Developmental delay
D. Infertility

23. You are called to the emergency room for assistance 
with airway management in a 2 year-old child who pre-
sented in respiratory distress. On exam he has increased 
work of breathing, significant anxiety, and he is drool-
ing. On exam lung sounds are clear, and a chest X-ray is 
normal. He has been otherwise well and is afebrile. His 
parents report that he was in his usual state of health 
and playing by himself in his room 30 minutes prior to 
presentation. The most likely cause of respiratory dis-
tress in this patient is:

A. Actue asthma exacerbation
B. Epiglottitis
C. Aspirated foreign body
D. Foreign body in the esophagus

24. A 7 year-old, 25 kg patient with a history of asthma 
develops severe bronchospasm soon after induction of 
anesthesia for a tonsillectomy. Which of the following 
is the best ventilation choice for this patient?

A. Tidal volume 150 cc, respiratory rate 30, I:E ratio 2:1
B. Tidal volume 150 cc, respiratory rate 20, I:E ratio 1:3
C. Titrate tidal volumes and respiratory rate to achieve 

normal EtCO
2
 and SpO

2
 of >98%

D. Tidal volume 250 cc, respiratory rate 20, I:E 1:1
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C H A P T E R   4  A N S W E R S

1. ANSWER: B

Lung development begins in the first few weeks of ges-
tation and continues through the first decade of life. The 
lung is an outgrowth of the foregut ventral wall. In the 
embryonic period, lung buds begin to form. The alveolar 
membranes and mucous glands of the lung are formed from 
endodermal tissue. The cartilage, muscles, and elastic tissue 
of the lung are formed from mesenchymal tissue. The next 
stage of lung development, the pseudoglandular stage, is 
characterized by formation of bronchi and branching 
of the airway to terminal bronchiole. In the cannicu-
lar stage, acinus formation begins. Thus, airway struc-
tures distal to the terminal bronchioles necessary for gas 
exchange develop from this point on. In the saccular stage 
there is continued intra-acinar development and forma-
tion of alveolar ducts and sacs. Alveoli development from 
the terminal air spaces begins at 36 weeks gestation and 
continues after birth. The majority of alveolar develop-
ment occurs after birth in the first 12 months. Both the 
number and size of the alveoli increase.

Pulmonary vessels (arteries and veins) that accom-
pany the bronchial tree form by 16 weeks gestation. 
Vascularization of the terminal air spaces occurs at 26 
to 28 weeks gestation. Although the air space wall is still 
thick, this formation of a capillary network is sufficient for 
pulmonary gas exchange.

K E Y FAC T S

• A surface for gas exchange begins to develop by 24 
weeks gestation and continues to develop well into 
childhood.

• Alveoli development begins at 36 weeks gestation 
with the majority of development in the first  
year of life.

• Embryonic stage: Usually complete by 7 weeks gestation, 
lung bud formation.

• Pseudoglandular stage: 7 to 17 weeks gestation, airway 
branching complete.

• Cannicular stage: 17 to 24 weeks gestation, acinus 
development; by the end of this stage surfactant 
production begins and a viable gas exchange 
surface forms.

• Saccular stage: 24 weeks to term, continued 
development of the gas exchange surface.

R E F E R E N C E S

Cote C, Lerman J, Todres D, eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders; 2009:11–2, 16.

Motoyama EK, Davis PJ, eds. Smith’s Anesthesia for Infants and 
Children. 7th ed. St. Louis, MO: Elsevier Mosby; 2006:23–5.

2. ANSWER: B

Infants have poorly developed intercostal muscles and 
accessory muscles of respiration. In infants the dia-
phragm does most of the work of breathing and the ribs 
have high cartilage content and extend horizontally from 
the vertebral column. Accessory muscles contribute little 
to chest expansion due to chest characteristics. Additionally, 
the intercostal muscles are only partially developed.

Neonates exhibit retractions during rapid eye move-
ment sleep due to chest wall stiffness. Preterm infants can 
exhibit retractions during all stages of sleep. Young children 
can exhibit paradoxical chest movement with respira-
tory distress (upper airway obstruction or intercostal 
muscles depression). Increased use of the diaphragm to 
maintain tidal volumes can lead to diaphragmatic fatigue 
or respiratory failure in the preterm infant.

The diaphragm muscle contains type I (slow twitch) 
muscle fiber. These slow twitch muscle fibers prevent 
fatigue. The diaphragm of a preterm infant has less than 
10% of type I muscle fibers. This is much less than the dia-
phragm of a term infant, which has approximately 25% of 
type I muscle fibers, and an adult, which has 50%.

The elastic properties of the lung are expressed as 
compliance—the volume change per unit pressure 
change (tidal volume per transpulmonary pressure). 
Lung compliance depends on size. Specific compliance 
refers to the compliance per unit volume of lung; specific 
lung compliance is constant throughout childhood.

Infants have very high chest wall compliance. By 
1  year of age the chest wall stiffens and compliance 
decreases and nearly equals lung compliance. As the chest 
wall stabilizes, FRC is maintained passively. Elastic recoil 
of the lung increases throughout childhood, peaking at 
adolescences and subsequently declining due to deteriora-
tion of pulmonary elastic fibers.

K E Y FAC T S

• In infants the main muscle of respiration is the 
diaphragm. The diaphragm contains less type I muscle 
fibers and thus fatigues easily.

• In infants chest wall compliance is high and decreases 
with age due to muscle and skeletal development.

• In infants lung compliance is low and increases during 
childhood due to lung elastic tissue development.

R E F E R E N C E S

Cote C, Lerman J, Todres D, eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders; 2009:13–6.

Motoyama EK, Davis PJ, eds. Smith’s Anesthesia for Infants and 
Children. 7th ed. St. Louis, MO: Elsevier Mosby; 2006:46.

West JB, ed. Respiratory Physiology: The Essentials. 5th ed. Philadelphia, 
PA: Williams & Wilkins; 1990:93–98.
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3. ANSWER: C

During exhalation, small airways close, causing air 
trapping. Closing volume is the lung volume at which 
terminal airways begin to collapse. Closing capacity is 
the sum of closing volume and reserve volume. Infant 
and children have a high closing capacity; the clos-
ing capacity is within the tidal breath, which can lead to 
atelectasis and airway collapse during normal respira-
tion. In infants and children, airway closure is a result of 
decreased outward recoil of the chest and decreased car-
tilage in the distal airways to resist inward lung recoil. 
Closing capacity decreases with age as the muscles of 
respiration and lung elastic tissue develop. However, after 
adolescence and through adulthood closing capacity 
begins to increase as a result of decreased lung elastic-
ity with aging.

Functional residual capacity (FRC) is the volume of 
gas remaining in the lungs at the end of a normal expira-
tion. Functional residual capacity per kilogram is similar 
among all ages. FRC is the volume in the lungs when the 
passive outward recoil of the chest is balanced with the pas-
sive inward recoil of the lung.

Infants have very low outward chest recoil and also low 
inward lung recoil. Thus, the FRC of infants at static con-
ditions (general anesthesia or apnea) is only about 10% 
of TLC. This does not allow for adequate gas exchange 
due to airway closure and atelectasis. Infants and children 
maintain a larger dynamic FRC through early cessation 
of exhalation.

Total lung capacity (TLC) is the volume of air con-
tained in the lungs at the end of a maximal inspiration. 
Adults have a larger total lung capacity than infants. 
This is because TLC is effort dependent and adults have 
well-developed muscles of respiration. TLC increases with 
age until about 5 years of age when it reaches about 80–90 
mL/kg. In healthy children, TLC correlates with height.

Infants have low lung elasticity due to poorly developed 
lung elastic tissue.
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figure 4.1 Lung volumes in infants and adults. Note that, in infants, tidal volume breathing occurs at the same volume as closing volume. CC, 
closing capacity; FRC, functional residual capacity; VC, vital capacity. (Modified from Nelson NM. Respiration and circulation after birth. 
In: Smith CA, Nelson NM, eds. The physiology of the newborn infant. Springfield, IL: Charles C Thomas; 1976:207. As cited in: Marciniak, 
B. Practice of Anesthesia for Infants and Children. Philadelphia, PA: Saunders; 2013.)

Box 4.1 MAINTENANCE OF FUNCTIONAL 

R ESIDUAL CAPACITY IN YOUNG INFANTS

• Sustained tonic activities of inspiratory muscles 
throughout the respiratory cycle

• Breaking of expiration with continual but diminishing 
diaphragmatic activity

• Narrowing of the glottis during expiration

• Inspiration starting in midexpiration*

• High respiratory rate in relation to expiratory time 
constant*

• All mechanisms of sustaining FRC are lost with 
anesthesia or muscle relaxant.

* Create PEEPi or autoPEEP.
SOURCE:  Motoyama EK, Davis PJ. Smith’s Anesthesia for Infants and 
Children. 7th ed. St. Louis: Elsevier Mosby; 2006:44.
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K E Y FAC T S

• Infants have a high closing capacity that is near 
FRC. This makes them prone to airway collapse and 
atelectasis. Closing capacity decreases during childhood 
due to chest development.

• Functional residual capacity per kilogram is similar 
among all ages (30 mL/kg).

• Adults have a larger total lung capacity than infants  
(82 mL/kg vs. 63 mL/kg)

R E F E R E N C E S

Cote C, Lerman J, Todres, D eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders; 2009:14.

Motoyama EK, Davis PJ, eds. Smith’s Anesthesia for Infants and 
Children. 7th ed. St. Louis, MO: Elsevier Mosby; 2006:41–4, 48.

West JB, ed. Respiratory Physiology: The Essentials. 5th ed. Philadelphia, 
PA: Williams & Wilkins; 1990:101.

4. ANSWER: C

Postextubation croup, or subglottic edema, is the result 
of airway swelling. Infants and children are more prone to 
croup than adults because of anatomical airway differences. 
Due to the small size of the pediatric airway, even mini-
mal airway edema decreases the tracheal lumen and 
increases airflow resistance. The narrowest portion of a 
child’s airway is at the level of the cricoid cartilage. This 
area is at risk for internal tracheal mucosal injury during 

tracheal intubation. A small amount of airway edema can 
cause obstruction and compromise airflow. Risk factors 
for postextubation croup include tight-fitting ETTs, 
traumatic intubation, tracheal trauma from position 
changes, age between 1 and 4 years, recent upper respi-
ratory tract infection, and a history of croup. A  leak 
around the ETT of less than 25 cm H

2
O decreases the risk 

factor for postextubation croup.
The incidence of postextubation croup is about 1%. 

Croup usually begins within 3 hours of extubation. 
Mild cases can be treated with humidified oxygen. More 
severe cases may require nebulized racemic epineph-
rine. Racemic epinephrine can be repeated after 2 hours. 
Severe cases should be observed for an extended period of 
time or admitted to the hospital for continued observation 
and treatment. Additionally, dexamethasone is used to 
reduce airway edema in postextubation croup. The effi-
cacy of corticosteroids to prevent postextubation croup is 
controversial.

Hagen-Poiseuille’s law states that a small decrease in 
airway diameter results in a four-fold increase in resistance 
to flow in the trachea. A small degree of tracheal edema can 
cause significant obstruction in infants and children due to 
their overall small trachea size.

R = 8 L rη( ) ( )/ π
4

where R is resistance  η is air viscosity, L is length of airway, 
and r is radius of the trachea.
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Figure 4.2 Relative effects of airway edema in an infant and an adult. The normal airways of an infant and an adult are presented on the left. 
Edematous airways display 1 mm of circumferential edema, reducing the diameter of the lumen by 2 mm. Notice that resistance to airflow is 
inversely proportional to the radius of the lumen to the fourth power for laminar flow (beyond the fifth bronchial division) and to the radius 
of the lumen to the fifth power for turbulent flow (from the mouth to the fourth bronchial division). The net result in an infant with a 4 mm 
diameter airway is a 75% reduction in cross-sectional area and a 16-fold increase in resistance to laminar airflow, compared with a 44% reduction 
in cross-sectional area and a 3-fold increased resistance in an adult with a similar 2 mm reduction in airway diameter. With turbulent airflow 
(upper airway), the resistance increases 32-fold in the infant but only 5-fold in the adult. (Reprinted with permission from Litman RS, Fiadjoe JE, 
Stricker PA, Coté CJ. Practice of Anesthesia for Infants and Children. 5th ed. Philadelphia, PA: Saunders; 2013.)
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K E Y FAC T S

• Airway edema after postextubation croup is due to 
internal tracheal mucosal injury that decreases the 
tracheal lumen and increases airflow resistance.

• According to Hagen-Poiseuille’s law, the change in 
airflow resistance resulting from a reduction in airway 
diameter is directly proportional to the airway radius 
elevated to the fourth power.

R E F E R E N C E S

Cote, C, Lerman, J, Todres, D, eds. A Practice of Anesthesia for 
Infants  and Children. 4th ed. Philadelphia, PA:  Saunders; 
2009:242.

Motoyama EK, Davis PJ, eds. Smith’s Anesthesia for Infants and 
Children. 7th ed. St. Louis, MO: Elsevier Mosby; 2006:49.

Wheeler DS, Wong HR, Shanley TP, eds. Pediatric Critical Care 
Medicine:  Basic Science and Clinical Evidence. New  York, 
NY: Springer; 2007:223.

5. ANSWER: B

Oxygen transport is determined by the affinity of hemo-
globin for oxygen, blood oxygen content, and cardiac 
output. Hemoglobin-oxygen affinity depends on the type 
of hemoglobin present. Fetal hemoglobin is 70% of total 
hemoglobin in the neonate. Fetal hemoglobin reacts less 
with 2,3-diphosphoglycerate and thus has increased oxy-
gen affinity and decreased oxygen delivery to the tissue.

Its presence can shift the oxygen dissociation curve to 
the left. The oxygen dissociation curve is a graph that shows 
the percent saturation of hemoglobin at various partial 
pressures of oxygen. It has a sigmoid shape, which reflects 
the cooperative nature of oxygen binding to hemoglobin.

Other factors that shift the oxygen dissociation curve 
to the left include decreased temperature, increased pH, 
and decreased 2,3-diphosphoglycerate levels. These fac-
tors increase hemoglobin’s affinity for O

2

Oxygen content (CaO
2
) of blood is expressed by the 

equation:

CaO  Hb  1 39  SaO   3 PaO2 2 2= × × + ( ). / .100 0 00

where Hb is hemoglobin, SaO
2
 is oxygen saturation, and 

PaO
2
 is partial pressure of oxygen.

Oxygen is carried in the blood, where it is dissolved and 
combined with hemoglobin. The amount of dissolved oxy-
gen is small and relatively constant, but it is determined 
by the partial pressure of oxygen (PaO

2
). As the PaO

2
 

increases, the amount of dissolved oxygen increases. 
This is described by Henry’s law that states that the amount 
of gas dissolved in a solution is directly proportional to the 
partial pressure of that gas above the solution.

In the blood, oxygen combines reversibly with hemoglo-
bin to form oxyhemoglobin. Each molecule of hemoglobin 
combines with four molecules of oxygen. The affinity of 
hemoglobin for oxygen differs with age because the spe-
cies of hemoglobin varies with age.

The most efficient way to increase oxygen-carrying 
capacity is to increase cardiac output. Chronic hypoxemia 
leads to increased red blood cell production; the increase 
occurs slowly over several weeks.

K E Y FAC T S

• Oxygen transport is determined by the affinity of 
hemoglobin for oxygen, blood oxygen content, and 
cardiac output.

• Fetal hemoglobin has increased oxygen affinity and 
decreased oxygen delivery to the tissue.

• The affinity of hemoglobin for oxygen differs with 
hemoglobin species as well as temperature, pH, CO

2
, 

and 2,3-diphosphoglycerate levels.
• The most efficient way to increase oxygen-carrying 

capacity is to increase cardiac output.

R E F E R E N C E S

Motoyama EK, Davis PJ, eds. Smith’s Anesthesia for Infants and 
Children. 7th ed. St. Louis, MO: Elsevier Mosby; 2006:61.

West JB, ed. Respiratory Physiology: The Essentials. 5th ed. Philadelphia, 
PA: Williams & Wilkins; 1990:71–6.
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figure 4.3 Relative effects of airway edema in an infant and an adult. 
(Reprinted with permission from Motoyama EK, Davis PJ, eds. Smith’s 
Anesthesia for Infants and Children. 7th ed. St. Louis, MO: Elsevier 
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6. ANSWER: C

The P50 is the partial pressure of oxygen (PO
2
) of whole 

blood at 50% oxygen saturation (SO
2
). It indicates the 

affinity of hemoglobin for oxygen. The blood of nor-
mal adults has a SO

2
 of 50% when PO

2
 is 27 mm Hg at 

37°C and a pH of 7.4. Neonates have a lower P50 (19 mm 
Hg) because of lower 2,3-diphosphoglycerate (2,3-DPG) 
level. They also have lower oxygen delivery to the tissue. 
By 3 months of age, the total hemoglobin level decreases 
(physiologic anemia of infancy) and adult hemoglobin 
replaces fetal hemoglobin. Additionally, 2,3-DPG levels 
rise and the P50 increases to a high of 30 mm Hg during 
childhood, indicating increased delivery of oxygen to tissue.

In the blood, oxygen combines reversibly with hemo-
globin to form oxyhemoglobin. Each molecule of hemoglo-
bin combines with four molecules of oxygen. The affinity 
of hemoglobin for oxygen differs with age. Neonates have a 
higher percentage of fetal hemoglobin and thus a higher 
oxygen-hemoglobin affinity. The higher affinity allows fetal 

hemoglobin to extract oxygen from maternal adult hemo-
globin. For different oxygen dissociation curves, the affinity of 
hemoglobin for oxygen increases with decreasing P50.

The characteristics of hemoglobin-oxygen affinity 
and oxygen delivery are different in children than adults. 
Infants have a higher P50 (30  mm Hg) than adults 
(27 mm Hg). Oxygen delivery to the tissue may be the same 
for both infants and adults at different hematocrits—a 
lower hematocrit in infants versus adults. Conversely, neo-
nates have a lower P50 (19 mm Hg) than adults (27 mm 
Hg), and equivalent tissue oxygen delivery may require a 
higher neonate hematocrit.

K E Y FAC T S

• The P50 is the PO
2
 of whole blood at 50% SO

2
.

• The P50 in adults is 27 mm Hg,
• The P50 in neonates is about 19–24 mm Hg 

(erythrocytes have high oxygen affinity and poor oxygen 
tissue delivery),

• The P50 of infants is 30 mm Hg (erythrocytes have low 
oxygen affinity and good oxygen tissue delivery).

• For different oxygen dissociation curves, the affinity 
of hemoglobin for oxygen increases with decreasing P50.

R E F E R E N C E S

Motoyama EK, Davis PJ. Smith’s Anesthesia for Infants and Children. 
7th ed. St. Louis, MO: Elsevier Mosby; 2006:61–4.

West JB, ed. Respiratory Physiology: The Essentials. 5th ed. Philadelphia, 
PA: Williams & Wilkins; 1990:75–6.

7. ANSWER: B

Pulmonary surfactant decreases surface tension, 
increases lung compliance, and decreases work 
of breathing. Type 2 alveolar pneumocytes pro-
duce pulmonary surfactant. These cells are found 
on the alveolar surface. Surfactant is formed intra-
cellularly on the lamellar bodies and expelled to the 
alveolar surface by exocytosis. Surfactant produc-
tion begins at about 24 weeks gestation. The alveo-
lar lining is 80% phospholipids and 10% lipoproteins. 
Phosphatidylcholine (PC) makes up 70% of the phos-
pholipids. Dipalmitoylphosphatidylcholine, a type of 
PC, comprises the majority of PC and is surface active. 
Surfactant is secreted into the alveolar f luid and lines 
the alveoli. The amount of PC increases toward term. 
Surface-active proteins are important in the alveolar 
stability of neonates, increasing lung compliance and 
decreasing atelectasis. Used surfactant lipids are taken 
up and recycled or broken down by type 2 pneumocytes.

Lipoproteins, or surfactant proteins, are made in 
type 2 alveolar pneumocytes and Clara cells. Some pro-
teins are hydrophilic and likely play a role in the lung’s 
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Figure 4.4 (Reprinted with permission from Motoyama EK, Davis PJ, 
eds. Smith’s Anesthesia for Infants and Children. 7th ed. St. Louis, 
MO: Elsevier Mosby; 2006:62.)

Table 4 .1 COMPARISON OF NOR MAL R ESPIR ATORY 

VALUES IN INFANTS AND ADULTS

PAR AMETER INFANT ADULT

Respiratory frequency 30–50 12–16

Tidal volume (mL/kg) 7 7

Dead space (mL/kg) 2–2.5 2.2

Alveolar ventilation (mL/kg  
per minute)

100–150 60

Functional residual capacity 
(mL/kg)

27–30 30

Oxygen consumption (mL/kg  
per minute)

7–9 3

SOURCE: From Barash PG, Cullen BF, Stoelting RK. Clinical Anesthesia. 
5th ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2006:1187.
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immunity system by binding microorganisms. Other 
proteins are hydrophobic and enhance the stability of sur-
factant phospholipids. The amount of surfactant phospho-
lipids and lipoproteins increases late in gestation.

Corticosteroids, among other medications, can accel-
erate surfactant production. Corticosteroids are admin-
istered routinely to pregnant women before the delivery of 
preterm infants to help mitigate respiratory distress at birth. 
Additionally, surfactant replacement therapy via ETT 
decreases morbidity and mortality in premature infants. It 
can also be used in disease states like persistent pulmonary 
hypertension of the newborn (PPHN) and acute respira-
tory distress syndrome (ARDS).

K E Y FAC T S

• Pulmonary surfactant decreases surface tension, 
promotes stability of the alveoli, and prevents the 
transudation of fluid into the alveoli. These factors 
combine to increase lung compliance and decrease work 
of breathing.

• Pulmonary surfactant is made by type 2 alveolar 
pneumocytes and functions to stabilize the alveolar 
membrane.

• Corticosteroids are given to pregnant women 24 to 48 
hours before delivery of preterm infants.

R E F E R E N C E S

Bissonnette B, Dalens B, eds. Pediatric Anesthesia:  Principles and 
Practice. New York, NY: McGraw-Hill; 2002:69–70.

Motoyama EK, Davis PJ, eds. Smith’s Anesthesia for Infants and 
Children. 7th ed. St. Louis, MO: Elsevier Mosby; 2006:64–6.

West JB, ed. Respiratory Physiology: The Essentials. 5th ed. Philadelphia, 
PA: Williams & Wilkins; 1990:93–8.

8. ANSWER: B

At birth, as the lungs expand with air, pulmonary vas-
cular resistance decreases and pulmonary blood flow 
increases. The increase in pulmonary blood flow increases 
the left atrial pressure. The right atrial pressure decreases 
because blood can now flow into the pulmonary arteries. 
This results in a change in the pressure gradient across the 
atria, allowing the foramen ovale to close.

The transition from fetal to neonatal circulation is 
dependent on many factors, including the ability of the 
lungs to expand with air in which surfactant plays a key role. 
In the perinatal period, pulmonary surfactant increases to 
help stabilize the terminal airspaces that were previously 
filled with fluid.

Type II pneumocytes produce surfactant. Pulmonary 
surfactant is secreted into alveoli, forming an alveolar lining. 

The lining reduces surface tension and stabilizes terminal air 
spaces. Surface tension forces tend to collapse alveoli and 
draw fluid into the alveoli from the capillaries. Surfactant 
reduces surface tension by opposing the normal attracting 
forces between surface molecules. Surfactant functions to 
(1) lower surface tension; (2) promote stability of the alve-
oli; and (3) prevent the transudation of fluid in alveoli.

Surfactant production begins around 24 to 26 weeks 
gestation. The presence of pulmonary surfactant greatly 
influences lung expansion and pulmonary gas exchange in 
the neonate. Inadequate pulmonary surfactant can cause 
poor lung expansion, leading to an inadequate ventilation/
perfusion balance. Decreased surfactant causes decreased 
lung compliance, increased atelectasis, and increased 
transudation within the alveoli. Viability begins around 
24 weeks gestation coinciding with surfactant production 
and increased lung surface area for gas exchange. Neonates 
with certain lung pathologies such as PPHN, congenital 
diaphragmatic hernia, and ARDS have decreased surfac-
tant and are prone to respiratory problems.

K E Y FAC T S

• At birth pulmonary vascular resistance decreases, 
pulmonary blood flow increases, which in turn 
increases left atrial pressure and decreases right atrial 
pressure.

• Pulmonary surfactant promotes lung expansion and 
pulmonary gas exchange in the neonate.

• Three main functions of pulmonary surfactant include 
(1) lower surface tension; (2) promote stability of the 
alveoli; and (3) prevent the transudation of fluid in alveoli.

• Viability coincides with an adequate surface for gas 
exchange and surfactant production around 24 weeks 
gestation.

R E F E R E N C E S

Bissonnette B, Dalens B, eds. Pediatric Anesthesia:  Principles and 
Practice. New York, NY: McGraw-Hill; 2002:69–70.

West JB, ed. Respiratory Physiology: The Essentials. 5th ed. Philadelphia, 
PA: Williams & Wilkins; 1990:149.

9. ANSWER: A

Type II pneumocyte cells secrete surfactant, composed 
of phospholipids and proteins, into the alveolar membrane, 
coating the surface. A sphere generates a pressure that can 
be predicted by LaPlace’s equation. The LaPlace equation 
describes the pressure within a sphere in relation to surface 
tension and size of the sphere:

P  2T r= /
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where P is pressure, T is surface tension, and r is radius of 
sphere.

Pressure is higher in spheres with smaller radii; thus, 
if two spheres are connected to a common tube, the smaller 
sphere has the higher surface tension. The smaller sphere would 
empty into the larger sphere and then collapse. Surfactant 
reduces surface tension by opposing the normal attracting 
forces between surface molecules. Surfactant contains both 
hydrophobic and hydrophilic groups. At the air–water 
interface of the alveoli, the hydrophilic groups face the water 
and the hydrophobic groups face the air. The decrease in sur-
face tension produced by pulmonary surfactant increases 
lung compliance and decreases work of breathing.

Charle’s law states that at a constant pressure, the volume 
of a gas will vary directly with the absolute temperature:

V T  V T1 2 2 1=

Fick’s law states that the diffusion rate of a gas across 
a fluid membrane is proportional to the difference in par-
tial pressure, proportional to the area of the membrane, 
and inversely proportional to the thickness of the mem-
brane. The total membrane surface area in the lung is about 
100 square meters and has a thickness of less than a millionth 
of a meter. It is a large effective gas exchange surface.

Henry’s law states that the amount of gas dissolved in 
a solution is proportional to the partial pressure of the 
gas. The solubility of the gas is expressed as a constant. The 
law helps predict the amount of gas that will go into solu-
tion. It describes gas exchange in the lung.

K E Y FAC T S

• Pulmonary surfactant decreases surface tension that 
decreases the pressure within the alveoli and increases 
lung compliance.

• LaPlace’s equation describes the pressure within a 
sphere in relation to surface tension and size of the 
sphere: P = 2T/r.

• Fick’s law states that the diffusion rate of a gas across 
a fluid membrane is proportional to the difference 
in partial pressure, proportional to the area of the 
membrane, and inversely proportional to the thickness 
of the membrane.

• Charle’s law states that at a constant pressure, the 
volume of a gas will vary directly with the absolute 
temperature.

• Henry’s law states that the amount of gas dissolved in a 
solution is proportional to the partial pressure of the gas.

R E F E R E N C E

West JB, ed. Respiratory Physiology: The Essentials. 5th ed. Philadelphia, 
PA: Williams & Wilkins; 1990:94, 168.

10. ANSWER: B

Infants and children become hypoxemic much more 
quickly than adults because of smaller oxygen reserves 
and higher oxygen requirements. General anesthe-
sia decreases their functional residual capacity (FRC), 
reducing their oxygen reserve severely. FRC is a balance 
between the inward recoil of the lung and the outward 
recoil of the chest wall. The opposing forces create a nega-
tive pleural pressure of –5 cm H

2
O in adults. Infants have 

a compliant chest wall and lower outward recoil of the 
chest wall. The inward recoil of infants is slightly less than 
adults. In infants, the FRC with general anesthesia, mus-
cle relaxation, or central apnea is only 10%–15% of TLC. 
This low FRC is below closing capacity and can result in 
small airway closure.

The oxygen consumption of an infant is much higher 
than that of an adult, as is the metabolic rate per kilogram. 
Thus, infants and children have higher oxygen demand per 
kilogram of body weight because of their higher metabolic 
rate. Oxygen consumption in the neonate is 6 to 8 mL/
kg per minute compared to the oxygen consumption of an 
adult of 3 mL/kg per minute.

Infants require a higher alveolar ventilation to meet 
the high metabolic demand. They increase their respi-
ratory rates to increase their minute ventilation (tidal 
volumes are relatively constant). Also, infants have a high 
cardiac output (up to 250 mL/kg per minute) to satisfy 
the metabolic demand.

The dead space to tidal volume (Vd/Vt) ratio in nor-
mal lungs is approximately constant (0.3) from infancy to 
adulthood. Tidal volume and functional reserve capacity 
per kilogram is the same for infants and adults.

K E Y FAC T S

• Increased oxygen consumption leads to more hypoxemia 
in infants and children compared to adults.

• In infants, chest wall relaxation (i.e., general anesthesia) 
lowers functional residual capacity to less than closing 
capacity.

• Infants have a high alveolar ventilation and respiratory 
frequency.

• Dead space to tidal volume ratio is the same in infants 
and adults.

• Tidal volume and functional reserve capacity per 
kilogram are the same in infants and adults.

R E F E R E N C E S

Barash PG, Cullen BF, Stoelting RK, eds. Clinical Anesthesia. 
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11. ANSWER: C

Gravity affects the distribution of ventilation and perfu-
sion in the lung. In adults in the upright position, trans-
mural pressure at the apex of the lung is higher than at 
the base of the lung. During spontaneous respirations in 
adults, ventilation is distributed preferentially to depen-
dent regions of the lung. This is also seen in the lateral 
decubitus position; the lower lung has greater ventilation 
than the upper lung.

Conversely, infants with unilateral lung disease in the 
lateral decubitus position have better oxygenation in 
the nondependent lung. This paradoxical distribution 
of ventilation in infants and children may be caused by 
increased chest wall compliance. The dependent lung 
has a low pleural pressure and tends to collapse due to 
the infants’ soft compressible rib cage. Airway closure tends 
to shift ventilation to nondependent parts of the lung. This 
situation is similar to that seen in the ventilated adult, with 
nondependent regions better ventilated and dependent 
regions better perfused.

Adult pulmonary hemodynamics, the effect of gravity 
and the characteristics of the upright lung are explained by 
West’s concept of three lung zones. This was later modi-
fied to four lung zones. In Zone 1, arterial pressure is 
less than alveolar pressure. Pulmonary capillaries are 
collapsed and there is no perfusion. In Zone 2, arterial 
pressure is greater than alveolar pressure and venous 
pressure is less than alveolar pressure. Thus, capillary 
perfusion depends on the arterial to alveolar pressure gradi-
ent. In Zone 3, arterial and venous pressures are greater 
than alveolar pressure. Capillary perfusion is independent 
of airway pressure. In Zone 4, pulmonary blood flow is 
reduced at the base of the lung due to increased inter-
stitial pressure.

Thus, in spontaneously breathing adults, ventilation 
is distributed preferentially to dependent lung areas. 
Perfusion follows a similar distribution. Hence, ventilation 
and perfusion are well matched in the adult. In an upright 

lung the ventilation to perfusion (V/Q) ratio is higher at 
the apex and lower at the base. For normal gas exchange 
the balance of regional distribution of ventilation and blood 
flow needs to be maintained.

In contrast, ventilation in infants is normally distrib-
uted to nondependent regions of the lung. Perfusion is 
evenly distributed throughout the lung due to the smaller 
anterior-posterior diameter that decreases the effect of grav-
ity. This leads to an increased V/Q mismatch as compared 
to adults.

K E Y FAC T S

• The distribution of ventilation and perfusion is different 
in children compared to adults.

• In adults, gravity affects ventilation and perfusion 
distribution with both distributed preferentially to 
dependent lung regions.

• In infants and small children, ventilation is greater in 
nondependent regions of the lung, and perfusion is 
evenly distributed throughout the lung.

• In adults, the V/Q ratio in an upright lung is higher at 
the apex and lower at the base.

• Infants have a larger V/Q mismatch as compared to 
adults because of differences in the regional distribution 
of perfusion and ventilation.

R E F E R E N C E S

Bissonnette B, Dalens B, eds. Pediatric Anesthesia:  Principles and 
Practice. New York, NY: McGraw-Hill; 2002:62–5.

West JB, ed. Respiratory Physiology: The Essentials. 5th ed. Philadelphia, 
PA: Williams & Wilkins; 1990:41, 61.

12. ANSWER: A

Several factors contribute to worsened oxygenation in 
infants while in the lateral decubitus position compared 
with adults. Compared with adult patients, infants have 
an extremely compliant chest wall that, in the dependent 
position, cannot support the underlying lung, leading to a 
decrease in functional residual capacity (FRC). If there 
is enough reduction in FRC such that it approaches resid-
ual volume, there is an increased likelihood of airway 
closure during normal tidal ventilation leading to shunt-
ing and desaturation.

Also, due to the smaller size of infants, the hydrostatic 
gradient between the dependent and nondependent lungs 
is reduced, thereby minimizing the favorable increase in 
perfusion to the dependent, ventilated lung that would 
be more pronounced in larger patients.

In the lateral decubitus position, the dependent dia-
phragm has a mechanical advantage due to “loading” from 
the abdominal hydrostatic gradient. In infants, the pressure 

Table 4 .2 HEMOGLOBIN R EQUIR EMENTS 

FOR EQUIVALENT TISSUE OXYGEN DELIVERY

HEMOGLOBIN FOR EQUIVALENT O
2
  

DELIVERY (MM HG) (G/DL)

P50

Adult 27 7 8 9 10 11 12 13

Infant 
>6 months

30 5.7 6.5 7.3 8.2 9.0 9.8 10.6

Neonate 
<2 months

24 10.3 11.7 13.2 14.7 16.1 17.6 19.1

SOURCE: Data calculated from Motoyama EK et al. Functional basis of 
childhood anemia [abstract]. Am Soc Anesthesiology 1974;283. In: Motoyama 
EK, Davis PJ, eds. Smith’s Anesthesia for Infants and Children. 7th ed. St. 
Louis, MO: Elsevier Mosby; 2006:63.

 

 

 

 

 

 

https://kat.cr/user/Blink99/



90  •   organ-Based BasIc and clInIcal scIences

gradient to the dependent diaphragm is reduced and 
with it the functional advantage of the dependent dia-
phragm. Lastly, because infants have a much higher base-
line oxygen requirement of approximately 6–8 mL/kg 
per minute compared with adult consumption rates of 
2–3 mL/kg per minute, they are also much more prone to 
desaturation.

K E Y FAC T S

• Due to differences in body structure and size, infants 
are more prone to desaturation in the lateral decubitus 
position than adults.

• Infants also have a greater tendency toward desaturation 
due to their higher baseline rate of oxygen consumption 
compared with adults.

• Infants: 6–8 mL/kg per minute oxygen consumption
• Adults: 2–3 mL/kg per minute oxygen consumption

R E F E R E N C E

Cote CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for 
Infants and Children. 5th ed. Philadelphia, PA:  Saunders; 
2013:277–8.

13. ANSWER: B

The age-appropriate uncuffed ETT size for a 4 year old is 
4.5 mm with an outer diameter of 6.2 mm. The smallest 
available DLT is 26 Fr, which has a corresponding outer 
diameter of 8.7 mm. This patient is an average-sized 4 year 
old; therefore, even a 26 Fr DLT would likely be too large 
for this patient as would a Univent tube. A single-lumen 
ETT and a BB would both be potential options for 
this patient. However, since right-sided ventilation is 
requested, due to the proximal takeoff of the right upper 
lobe (RUL), there is a much higher likelihood of RUL 
obstruction if a single-lumen tube is used for lung isolation 
rather than a BB.

Table 4.3 outlines recommended tube selection for 
single-lung ventilation in children.

Table 4.4 is a brief overview of the advantages and 
disadvantages of the available techniques for providing 
single-lung ventilation.

R E F E R E N C E S

Cote CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:279–84.

Hammer, G. Single-lung ventilation in infants and children. Pediatric 
Anesth. 2004;14(1):98–102.
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figure 4.5 Four zones of lung perfusion. Zone I has no flow because 
alveolar pressure exceeds pulmonary arterial pressure, thereby 
collapsing alveolar vessels. Zone II is present when pulmonary arterial 
pressure exceeds alveolar pressure and both are greater than pulmonary 
venous pressure. This is termed the vascular waterfall, because flow 
is unaffected by downstream (pulmonary venous) pressure. Zone III 
is characterized by a constant driving force, the difference between 
pulmonary arterial and venous pressure. Both are greater than alveolar 
pressure. Flow increases throughout zone III, even though driving 
pressure is constant because the absolute pressures lower in the lung 
distend the vessels to a greater extent, thereby lowering resistance. 
Zone IV has less flow per unit lung volume, probably because of the 
increased parenchymal pressure surrounding pulmonary vessels. 
(From Hughes JMB et al. Effect of lung volume on the distribution 
of pulmonary blood flow in man. Respir Physiol. 1968;4:58. 
In: Motoyama EK, Davis PJ, eds. Smith’s Anesthesia for Infants and 
Children. 7th ed. St. Louis, MO: Mosby; 2006:62.)
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Figure 4.6 Effect of vertical height (expressed as the level of the 
anterior ends of the ribs) on ventilation and pulmonary blood flow 
(left ordinate) and the V/Q ratio (right ordinate). (Reprinted with 
permission from West JB. Ventilation/Blood Flow and Gas Exchange. 
2nd ed. Oxford, UK: Blackwell Scientific; 1970. In: Motoyama EK, 
Davis PJ, eds. Smith’s Anesthesia for Infants and Children. 7th ed. 
St. Louis, MO: Elsevier Mosby; 2006:62.)
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14. ANSWER: B

Anterior mediastinal masses can include neoplasms of the 
lung, mediastinum, and pleura. Common primary tumors 

are from non-Hodgkin and Hodgkin lymphoma. Patients 
with anterior mediastinal masses often present with signs 
and symptoms related to airway and vascular compression 
such as dyspnea, orthopnea, pain, coughing, or superior 
vena cava (SVC) syndrome. Commonly, tissue will need 
to be obtained in order to establish a correct diagnosis.

Preoperative evaluation should include studies such 
as computed tomography (CT), echocardiography, and 
flow-volume loops to aid in delineating the extent of com-
pression of surrounding structures. It should be noted that 
CT scans, which are static images, may not always identify 
dynamic airway or vascular compression. If any diagnostic 
modalities reveal airway or circulatory compression (SVC 
or pulmonary outflow tract), serious consideration should 
be given to attempting to obtain the tissue biopsy under 
only local anesthesia. One study demonstrated that clinical 
features predictive of perianesthesia complications in chil-
dren with mediastinal mass included orthopnea, upper 
body edema, great vessel compression, and main-stem 
bronchial compression.

However, if obtaining a tissue biopsy under local 
anesthesia is not an option, a short course of chemother-
apy, radiation, or steroids can be considered to shrink the 
tumor burden and the risk of life-threatening airway or 
vascular compression under general anesthesia. The benefit 
of tumor regression from any of these interventions should 

Table 4 .3 TUBE SELECTION FOR SINGLE-LUNG 

VENTILATION IN CHILDR EN

TUBE SELECTION FOR SINGLE-LUNG VENTILATION  

IN CHILDR EN

AGE 

(YEARS)

ETT  

(ID MM)

BB  

(F)

UNIVENT 

(FUJI SYSTEMS 

CO, TOKYO)

DLT  

(F)

0.5–1 3.5–4.0 2

1–2 4.0–4.5 3

2–4 4.5–5.0 5

4–6 5.0–5.5 5

6–8 5.5–6.0 5 3.5

8–10 6.0 cuffed 5 3.5 26

10–12 6.5 cuffed 5 4.5 26–28

12–14 6.5–7.0 cuffed 5 4.5 32

14–16 7.0 cuffed 5, 7 6.0 35

16–18 7.0–8.0 cuffed 7, 9 6.0 35,37

BB, bronchial blocker; DLT, double-lumen tube; ETT, endotracheal tube;  
F, French Size; ID, inner diameter.

Table 4 .4 ADVANTAGES AND DISADVANTAGES OF THE AVAILABLE TECHNIQUES FOR PROVIDING 

SINGLE-LUNG VENTILATION

ADVANTAGES DISADVANTAGES

Single-lumen 
ETT

- Simple technique
- aside from fiberoptic bronchoscope, no need for 

additional equipment

- Failure to provide adequate seal if using uncuffed 
ETT. This may lead to incomplete collapse of operative 
lung and fail to protect the ventilated lung from cross 
contamination from the operative lung

- Hypoxemia secondary to potential obstruction of the 
upper lobe bronchus, in particular when the right 
mainstem is intubated

Bronchial 
blocker

- Ability to provide CPAP or suctioning to operative lung 
if open-tip bronchial blocker is used

- Improved lung isolation more than uncuffed ETT due to 
complete seal

- Inability to provide CPAP or suctioning operative lung if 
closed tip bronchial blocker is used

- low-volume and high-pressure cuff that can potentially 
damage airway

- Possible hyoxemia during placement, though this may 
be mitigated with adapters that allow ventilation during 
fiberoptic bronchonscopy-assisted placement

- Potential for complete tracheal occlusion if blocker is 
displaced proximally into the trachea

Univent tube - The bronchial blocker is attached to the main ETT; 
therefore, displacement of the blocker is much less likely 
to occur

- The blocker tube has a small lumen that can allow gas to 
egress, suction, or apply cPaP

- The blocker tube can be removed at the conclusion of 
the case to allow for conventional ventilation techniques 
without the need to exchange for an ett

- Due to the large cross-sectional area occupied by the 
blocker channel, the univent tube has a relatively large 
outer diameter relative to its inner diameter

- Smaller Univent tubes have a disproportionally high 
resistance to gas flow

- The blocker balloon has a low-volume and high-pressure 
cuff that can potentially damage airway

Double-lumen 
ETT

- ability to isolate either lung with properly placed dlt
- Ease of suctioning or applying CPAP to operative lung

- Need to change to single-lumen ETT if postoperative 
ventilation is required

- difficult placement in patients with difficult airway

CPAP, continuous positive airway pressure; ETT, endotracheal tube.
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be weighed against the possibility of decreasing the sub-
strate available for correct tissue diagnosis.

Even in children with an anterior mediastinal mass 
without any evidence of cardiorespiratory compromise, 
induction of anesthesia can be associated with airway 
obstruction and hemodynamic collapse. A history from 
patients and parents of the optimal position where clini-
cal symptoms are minimized can be lifesaving knowledge, 
should the patient decompensate intraoperatively.

It is recommended that spontaneous ventilation be 
maintained during induction either via an inhalational, or 
carefully titrated IV induction as this offsets the natural 
tendency of the anterior mass to collapse onto and thereby 
compress the surrounding structures such as the pulmo-
nary arteries, SVC, and respiratory tract. The decrease in 
chest wall tone as a result of neuromuscular blockade 
can increase the risk of airway compression. Likewise, 
placing the child in lateral decubitus or with the head 
of the bed elevated can also mitigate cardiovascular and 
respiratory compression. Should hemodynamic or respira-
tory collapse occur, use of rigid bronchoscopy by a skilled 
practitioner or changing position to lateral or prone can 
be lifesaving. If these measures are not effective in relieving 
the effects of the anterior mediastinal mass, use of extra-
corporeal membrane oxygenation (ECMO) and cardio-
pulmonary bypass should be considered.

K E Y FAC T S

• Even patients with asymptomatic anterior mediastinal 
masses can develop respiratory and cardiovascular 
compromise during induction of anesthesia.

• Spontaneous ventilation should ideally be maintained 
during induction of anesthesia to offset the tendency of 
the anterior mediastinal mass to collapse and compress 
surrounding structures.

• Preoperative workup in patients with an anterior 
mediastinal mass should carefully delineate the extent of 
compression of adjacent structures.

• A short course of chemotherapy, radiation, and 
steroids can shrink tumor burden but at the expense of 
decreasing tissue available for diagnosis.

R E F E R E N C E S

Cote CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:288–9.

Hammer, G. Anaesthetic management for the child with a mediastinal 
mass. Pediatric Anesth. 2004;14:98–102.

15. ANSWER: D

Similar to other congenital skeletal abnormalities such 
as scoliosis, pectus deformities tend to worsen during 

periods of rapid skeletal growth such as during adoles-
cence. Though the etiology of pectus deformities is not 
entirely clear, there is approximately a 35% rate of familial 
occurrence and it is associated with Marfan and Poland 
syndrome. Though most patients with pectus deformi-
ties do not have associated cardiorespiratory symptoms, 
20%–60% can have underlying mitral valve prolapse. 
For patients who have reduced functional status related to 
their pectus deformity, echocardiography and pulmo-
nary function testing may be of benefit.

Classically, pectus deformities were repaired via an open 
(Ravitch) procedure that involved an anterior chest wall 
incision, sternal osteotomy, and resection of involved costo-
chondral cartilage. However, the open procedure has been 
largely supplanted by the Nuss procedure. The Nuss proce-
dure evolved from the insight that because even older chronic 
obstructive disease patients could remodel their chest wall to 
the classic “barrel chest” of this patient population, it should 
be possible to reshape the chest wall of younger patients, who 
have much more pliable cartilage without the need for cos-
tochondral excision and sternotomy. The classic Nuss pro-
cedure involved bilateral midaxillary incisions followed by 
introduction of a pectus bar that is turned 180 degrees after 
insertion such that the concavity of the bar is posterior, and 
the pectus excavatum deformity is “pushed” anteriorly. More 
recent refinements to the Nuss procedure have included the 
use of thoracoscopy to guide mediastinal dissection and 
pectus bar insertion. The Nuss procedure has resulted in less 
blood loss, shorter operating times, and quicker recovery than 
the traditional open procedure. Due to the increased force 
exerted by the ribcage of older patients, they appear to be at 
higher risk for displacement of support bars used for surgery.

Patients require general anesthesia and epidurals can be 
used for postoperative analgesia. Though complications are 
rare during the Nuss procedure, there have been reports of 
significant injury to adjacent mediastinal structures, and 
the anesthesia provider should be prepared for these albeit 
rare, but possibly catastrophic events.

Postoperatively, patients who have undergone the Nuss 
procedure may present with complications from the sur-
gery that may require intervention such as pectus bar dis-
placement, pleural effusion, thoracic outlet syndrome, 
infectious complications, pericarditis, sternal erosion 
of the pectus bar, direct cardiac injury, and anterior 
thoracic pseudoaneurysms. Patients typically present 
after several years for removal of the pectus bar, which is 
generally an uncomplicated procedure; the anesthesia pro-
vider should consider that there have been reports of the 
pectus bar becoming adherent to the pericardium or lungs, 
leading to sudden, profound bleeding following removal.

K E Y FAC T S

• Pectus deformities tend to worsen during periods of 
rapid growth such as adolescence.
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• There is a 35% rate of familial occurrence and is 
associated with Marfan and Poland syndrome

• Most patients with pectus deformities do not have 
associated cardiorespiratory symptoms, though 20%–
60% can have underlying mitral valve prolapse

• Complications during pectus repair are unusual, but 
they can be associated with high morbidity due to injury 
to adjacent mediastinal structures.

• The pectus bar can in rare cases become adherent to 
pericardium and the lungs, leading to profound bleeding 
following its removal.

R E F E R E N C E S

Cote CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:578–9.

Holzman RS, Mancuso TJ, Polaner DM, eds. A Practical Approach to 
Pediatric Anesthesia. Philadelphia, PA: Wolters Kluwer/Lippincott 
Williams & Wilkins; 2008:292–5.

Moss, RL. Major complications after minimally invasive repair of pec-
tus excavatum: case reports. J Pediatr Surg. 2001;36(1):155–8.

Nuss, D. A 10-year review of a minimally invasive technique for the cor-
rection of pectus excavatum. J Pediatr Surg. 1998;33(4):545–52.

Palmer, B. Decreased risk of complications with bilateral thoracoscopy 
and left-to-right mediastinal dissection during minimally invasive 
repair of pectus excavatum. Eur J Pediatr Surg. 2007;17(2):81–3.

16. ANSWER: C

The patient mentioned earlier has moderate obstruc-
tive sleep apnea syndrome (OSAS). OSAS occurs when 
there are transient periods of upper airway obstruction 
that then lead to hypoxemia, hypercapnea, and usually 
sleep disturbance. The usual signs of OSAS are snoring, 
gasping, and frequent awakening. Long-term sequelae of 
OSAS include cognitive and behavioral problems, poor 
growth, and systemic and pulmonary hypertension.

Diagnosis of OSAS can only be made by nocturnal 
polysomnography (sleep study). During a sleep study elec-
troencephalography (EEG), electrooculography(EOG), 
electromyography (EMG), chest wall, abdominal wall 
movement, nasal/oral airflow, end tidal CO

2
, and pulse 

oximetry are monitored. The apnea hypopnea index 
(AHI) measures the number of episodes of apnea and 
hypopnea in an hour (mild OSAS, 5–15 episodes/hr; 
moderate OSAS, 15–30 episodes/hr; severe OSAS, >30 
episodes/hr). Certain medical conditions can predispose 
patients to OSA. This includes disease states that result 
in hypotonia, as in muscular dystrophy, or discoordina-
tion of airway musculature, obesity, and Trisomy 21. In 
pediatric population the initial treatment of OSA is tonsil-
lectomy and adenoidectomy. This is usually curative, but 
further treatment may be needed, especially in patients 
with other causes of OSA, as in patients with obesity or 
hypotonia.

Anesthetic management of patients with OSAS should 
include a careful airway examination; consideration should 
be given to preoperative echocardiogram if the OSAS is 
chronic and untreated. These patients may be difficult 
to mask ventilate due to their habitus and upper airway 
obstruction on induction. They also may be difficult to 
intubate. When planning for extubation, residual vola-
tile anesthetics and neuromuscular blockers can even fur-
ther decrease airway tone. Patients should be extubated 
awake, and if their disease is significant enough, they may 
be immediately transitioned to CPAP after extubation. 
A  multimodal approach to analgesia (regional anesthe-
sia, NSAIDS, acetaminophen) should be considered, as 
opioids can cause somnolence, decreased respiratory 
drive, and alteration of the carbon dioxide response 
curve, which can all exacerbate and potentiate episodes of 
airway obstruction. Postoperatively these patients should 
have continuous monitoring for apnea and pulse oxime-
try. If the patient uses CPAP at home, he or she will need to 
use it postoperatively. The intensive care unit may be needed 
postoperatively based on the degree of OSA or the type of 
surgery the patient is having.

K E Y FAC T S

• OSAS occurs when transient periods of upper airway 
obstruction lead to hypoxemia, hypercapnea, and sleep 
disturbance.

• AHI measures the number of episodes of apnea and 
hypopnea in an hour (mild OSAS, 5–15 episodes/hr; 
moderate OSAS, 15–30 episodes/hr; severe OSAS, >30 
episodes/hr).

R E F E R E N C E S

Tschudy, Megan M.Arcara, Kristin M. (Eds.) (2012) The Harriet 
Lane handbook: a manual for pediatric house officers. Philadelphia, 
PA: Mosby Elsevier, Chpt 24.

Obstructive sleep apnea syndrome. In:  McMillan JA, Feigin RD, 
DeAngelis C, Jones MD Jr., eds. Oski’s Pediatrics:  Principles and 
Practice. 4th ed. Philadelphia, PA: Lippincott, Williams & Wilkins; 
2006:662–668.

17. ANSWER: B

Scoliosis is lateral curvature of the spine. Adolescent idio-
pathic scoliosis is the most common type, and more fre-
quently seen in females. Neuromuscular scoliosis is the 
second most common, followed by congenital and miscel-
laneous. Neuromuscular scoliosis is associated with a neu-
rologic or muscular disease. Some causes of neuromuscular 
scoliosis are cerebral palsy, muscular dystrophy, polio, and 
myelomeningocele.
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Once spinal curvature begins to exceed 60 degrees, 
pulmonary function tests begin to demonstrate a 
decrease in vital capacity. Pulmonary restriction may 
not become clinically apparent until thoracic curvature 
of 100 degrees or more is present. However, some patients 
with idiopathic scoliosis may have pulmonary symptoms 
out of proportion to the severity of their scoliosis. The 
more levels involved in the thoracic curve, the more pro-
nounced the pulmonary impairment. Changes in FEV 
or in arterial blood gas may not be seen until severe curve 
develops. Surgical correction is recommended for curves 
greater than 40 degrees, especially in patients who have not 
reached skeletal maturity.

Patients with forced vital capacity <30% of pre-
dicted may require prolonged postoperative intubation. 
Additionally, patients with neuromuscular scoliosis may 
have other coexisting factors such as recurrent respiratory 
infections, aspiration, and poor ability to clear secretions, 
which will also greatly impact their perioperative and post-
operative course.

K E Y FAC T S

• Once spinal curvature begins to exceed 60 degrees, 
pulmonary function tests begin to demonstrate a 
decrease in vital capacity.

• Pulmonary restriction may not become clinically 
apparent until thoracic curvature of 100 degrees.

• The more levels involved in the thoracic curve, the more 
pronounced the pulmonary impairment.

• Patients with forced vital capacity <30% of predicted 
may require prolonged postoperative intubation.

R E F E R E N C E S

Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for 
Infants and Children. 8th ed. St. Louis, MO:  Elsevier Mosby; 
2011:Chapter 26.

Orthopedic and spine surgeries. In:  Cote CJ, Lerman J, Anderson 
B, eds. A Practice of Anesthesia for Infants and Children. 5th ed. 
Philadelphia, PA: Saunders; 2013:633–63.

Bone, joint, and muscle problems. In:  McMillan JA, Feigin RD, 
DeAngelis C, Jones MD Jr., eds. Oski’s Pediatrics:  Principles and 
Practice. 4th ed. Philadelphia, PA: Lippincott, Williams & Wilkins; 
2006:2486–90.

18. ANSWER: D

The patient described has symptoms of croup. Croup is a 
viral illness that has a gradual onset. Patients usually have 
a barking cough due to subglottic edema. Management is 
supportive; it is uncommon for these patients to require hos-
pitalization and intubation, and it is rarely life-threatening. 
Humidified air and racemic epinephrine are effective 
treatments for dyspnea that may occur.

In comparison, acute epiglottitis is a rapid-onset, 
life-threatening bacterial infection. It leads to supraglot-
tic edema that can progress to total airway obstruction. 
Patients are usually toxic appearing, with a high fever. In 
order to maintain patent airway, patients may be sitting up 
and leaning forward in a tripod position. Often the patient 
will be drooling with the tongue protruded. The initial 
treatment is intubation and should be done in the operat-
ing room with teams and equipment needed for complex 
airway management. Airway manipulation will worsen the 
supraglottic edema, so extreme care must be taken during 
intubation. If complete airway obstruction occurs, rigid 
bronchoscopy, cricothyrotomy, or tracheostomy may 
be needed to obtain an artificial airway. Induction of anes-
thesia in a child with acute epiglottitis should be done to 
minimize patient anxiety and to maintain spontaneous 
respirations.

K E Y FAC T S

• Croup: viral illness with gradual onset; symptoms of 
barking cough due to subglottic edema

• Treatment for croup is supportive: racemic epinephrine, 
humidified oxygen

• Acute epiglottitis: rapid-onset, life-threatening bacterial 
infection; supraglottic edema with possible progression 
to total airway obstruction; tripod posture, drooling, 
toxic appearing

• Initial treatment for acute epiglottitis: intubation

R E F E R E N C E S

Otorhinolaryngologic procedure. In:  Coté CJ, Lerman J, Todres 
ID, eds. A Practice of Anesthesia for Infants and Children. 4th ed. 
Philadelphia, PA: Saunders; 2009:673–7.

Table 4 .5 CROUP VERSUS ACUTE EPIGLOTTITIS

CROUP EPIGLOTTITIS

Etiology Viral Bacterial (H. influenza, 
Streptococcus)

Age <3 years old 2–7 years old

Affected area Subglottic Supraglottic

Fever none to low grade High

Onset Days Hours

Symptoms Barking cough, hoarse 
voice, tachypnea

dysphagia, drooling, 
slow quiet breathing, 
tripod position

Treatment humidified oxygen, 
racemic epinephrine

Intubation, antibiotics

Neck X-ray 
findings

Steeple sign Thumb print
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Pediatric emergencies. In:  Coté CJ, Lerman J, Todres ID, eds. A 
Practice of Anesthesia for Infants and Children. 4th ed. Philadelphia, 
PA: Saunders; 2009:771–4.

Ophthalmology and otolaryngology. In:  Stoelting RK, Miller, RD, 
eds. Basics of Anesthesia. 5th ed. Philadelphia, PA:  Churchill 
Livingstone; 2007:471.

19. ANSWER: D

The patient described has acute pancreatitis leading to sep-
sis and has developed acute respiratory distress syndrome 
(ARDS). Clinical features of ARDS are hypoxemia, PaO

2
/

FIO
2
 < 200, and bilateral infiltrates on chest X-ray that 

is not due to a cardiac cause (pulmonary wedge pressure 
<18). Burns, sepsis, trauma, transfusion-related lung injury, 
and aspiration can all cause ARDS. There is no specific 
treatment for ARDS; management is supportive. However, 
the precipitating cause of the ARDS should be treated (i.e., 
antibiotics for sepsis).

Impaired oxygenation is a result of diffuse alveolar 
injury leading to disruption of the alveo-capillary mem-
brane leading to vascular permeability and inflam-
matory infiltration. The affected alveoli are difficult to 
expand and ineffective at gas exchange. As the process is 
patchy throughout the lung, there are areas of unaffected 
lung parenchyma. With initiation of positive pressure 
ventilation, the unaffected and affected alveoli will display 
variable expansion. Therefore, if high-pressure ventilation is 
used, the distribution of the pressure will not be uniform 
throughout and the lungs can be at risk of barotrauma. 
Ventilatory management should include keeping tidal 
volumes low (~6 mL/kg), maximizing PEEP, and using 
the lowest possible FIO

2
. With the reduced minute ven-

tilation, the patient will most likely have elevated PaCO
2
. 

Permissive hypercapnia is an expected consequence of 
ventilator management in ARDS.

K E Y FAC T S

• Clinical features of ARDS are hypoxemia, PaO
2
/FIO

2
 < 

200, and bilateral infiltrates on chest X-ray that are not 
due to a cardiac cause (pulmonary wedge pressure <18).

• Diffuse alveolar injury leads to vascular permeability 
and inflammatory infiltration.

• Ventilator management includes low tidal volumes (<6 
mL/kg), maximizing PEEP, lowest possible FIO

2
, and 

permissive hypercapnea.

R E F E R E N C E S

Critical care medicine. In:  Stoelting RK, Miller, RD, eds. Basics of 
Anesthesia. 5th ed. Philadelphia, PA:  Churchill Livingstone; 
2007:598–9.

Kollef MH, Schuster DP. The acute respiratory distress syndrome. N 
Engl J Med. 1995;332:27–37.

20. ANSWER: C

Stridor is a high-pitched sound produced by airflow tur-
bulence due to narrowing or obstruction of the upper 
airway. Stridor is usually inspiratory but may also be bipha-
sic or expiratory in nature. Stridor can vary from sounding 
like a squeak to a whistling noise. If the stridor is a result of 
supraglottic or glottis obstruction, it is present on inspi-
ration. Biphasic stridor is thought to be a result of obstruc-
tion below the level of the glottis. Finally, expiratory 
stridor is caused by lesions occurring in the distal trachea 
or mainstem bronchi.

Laryngomalacia is the most common cause of stridor, 
occuring in about 80% of infants with stridor due to a con-
genital laryngeal anomaly. Patients with laryngomalacia 
have inspiratory, low-pitched stridor. The pathophysiol-
ogy of laryngomalacia is thought to be related to neuro-
muscular hypotonia.

Most cases of laryngomalacia will resolve on their own 
before age 2. Intervention may be required if the stridor 
is associated with other congenital abnormalities, cyanosis, 
apnea, or feeding difficulties.

Gastroesophogeal reflux disease may contribute to 
laryngomalacia by altering laryngeal reflexes and causing 
mucosal swelling.

The other choices listed may also cause stridor but are 
less common than laryngomalacia.

Subglottic stenosis in an infant can be congenital or 
more likely is the result of a prolonged intubation. If due 
to prolonged intubation, the laryngeal mucosa can be easily 
traumatized, leading to chronic changes in airway diam-
eter. Repeated intubations, traumatic intubation, inappro-
priately large ETTs, or over inflated ETT cuffs may lead to 
mucosal damage and place the patient at risk of developing 
subglottic stenosis. Congenital subglottic stenosis is usu-
ally due to malformation of the cricoid cartilage, and it is 
defined as a cricoid diameter of less than 3.5 mm.

Vocal cord paresis is another cause of stridor in the 
neonate. This stridor is described as inspiratory or bipha-
sic with a high-pitched musical quality. The causes of 
vocal cord paresis can range from idiopathic, birth trauma, 
central or peripheral neurologic diseases, or thoracic dis-
eases or procedures.

K E Y FAC T S

• Stridor is a high-pitched sound produced by airflow 
turbulence due to narrowing or obstruction of the upper 
airway.

• Supraglottic or glottis obstruction: inspiratory stridor
• Obstruction below level of vocal: biphasic stridor
• Obstruction of distal trachea or mainstem 

bronchi: expiratory stridor
• Laryngomalacia is the most common cause of stridor; 

inspiratory, low- pitched stridor resolves by 2 years of age.
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R E F E R E N C E S
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21. ANSWER: D

A fixed airway obstruction will cause flattening of 
both the inspiratory and expiratory portions of the 
flow-volume loop. Examples include tracheal or subglottic 
stenosis, and neck masses causing external compression of 
the extrathoracic trachea.

A variable intrathoracic obstruction will manifest 
as flattening of the expiratory part of the flow-volume 
loop. Examples include intrathoracic tracheal malacia, 
bronchogenic cysts, or other distal tracheal lesions/masses.

A variable extrathoractic lesion tends to obstruct 
on inhalation more so than exhalation and will result 
in flattening of the inhalation component of the 
flow-volume loop. Examples include laryngomalacia and 
tracheomalacia of the trachea above the thoracic inlet and 
vocal cord abnormalities.

K E Y FAC T S

• Fixed airway obstruction: flattening of both inspiratory 
expiratory portions of flow-volume loop

• Variable intrathoracic obstruction: flattening of the 
expiratory part of the flow-volume loop

• Variable extrathoractic lesion: flattening of the 
inhalation component of the flow-volume loop

R E F E R E N C E S
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Sharief N, Wiseman NW, Higgins M, Chernick V. Abnormal 
flow-volume loop leading to the diagnosis of bronchogenic cyst. 
Pediatr Pulmonol. 1999;27(3):218.

22. ANSWER: D

Cystic fibrosis (CF) is a disease caused by a genetic muta-
tion on chromosome 7 that encodes for the protein-cystic 
fibrosis transmembrane conductance regulator (CFTR). 
The disease is inherited in an autosomal recessive man-
ner. The abnormal protein causes altered chloride and ion 
transport across epithelial cell membranes, which affects 
the major exocrine glands in the body. These exocrine 
glands can have changes such as increased mucus viscos-
ity, secretion of excessive electrolytes, and abnormal 
mucociliary clearance.

The organ systems involved and the severity of the dis-
ease are variable among patients. The following changes 
can, and do, occur:

Respiratory: Chronic cough, increased sputum, bron-
chiectasis, atelectasis, infiltrates, hyperinflation, wheezing, 
air trapping, nasal polyps, sinus disease, clubbing, hemop-
tysis, pneumothorax, infection, or colonization with bacte-
ria such as Staphlococcus areus, Hemophilus influenzae, or 
Pseudomonas aeruginos.

Cardiovascular: Cor pulmonale.
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Figure 4.7 Flow-volume curves in fixed and variable obstruction. Fixed upper airway obstruction, variable extrathoracic obstruction, variable 
intrathoracic obstruction. (Reprinted with permission from Gurvitch DL. Thyrotoxicosis. In: Yao FF, ed. Yao’s and Artusio’s Anesthesiology.  
6th ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2008.)
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Gastrointestinal: Pancreatic exocrine deficiency affect-
ing intestinal malabsorption, carbohydrate intolerance 
leading to insulin-dependent diabetes, meconium ileus.

Hepatobiliary:  Focal biliarycirrhosis leading to pro-
gressive liver damage and liver cirrhosis; gallbladder involve-
ment is common.

Urogenital:  Males:  obstructive azoospermia causing 
infertility; females: abnormal mucus may act as a barrier to 
sperm penetration.

Musculoskeletal: Osteopenia/osteoporosis, pulmonary 
hypertrophic osteoarthropathy.

Integument: Chronic salt loss.
Social:  The severity of the disease and the rate of 

decline can obviously place significant psychological stress 
on patients and their families. CF can greatly impact their 
quality of life.

The respiratory system is the main cause of morbid-
ity and mortality in CF patients. Thick mucus results in 
obstruction of the small airways. Bronchial obstruction 
ultimately leads to inflammation and puts the lungs at risk 
for infection. The long-standing infection and inflamma-
tion leads to bronchiectasis. The usual respiratory findings 
in patients with CF are recurrent and chronic infection, 
chronic cough, and wheezing. As the disease progresses, the 
chronic cough is often paroxysmal and productive.

The goals of treatment of CF are to maintain growth 
and nutrition, slow the decline of pulmonary function, and 
to support measures to maintain a reasonable quality of life.

K E Y FAC T S

• CF is an autosomal recessive disease caused by a genetic 
mutation on chromosome 7.

• CF alters chloride and ion transport across epithelial cell 
membranes, which affects the major exocrine glands in 
the body.

• CF involves increased mucus viscosity, secretion of 
excessive electrolytes, and abnormal mucociliary clearance.

R E F E R E N C E S
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Kliegman RM, Stanton B, St. Geme J, Behrman RE, Schor NF. Cystic 
fibrosis. In: Nelson Essentials of Pediatrics, 19 ed., Saunders, Elsevier; 
2011:1481–1497.

23. ANSWER: D

Esophageal foreign body ingestions usually occur in 
children between the ages of 6 months and 3 years. Only 
about 10%–20% of foreign bodies will require proce-
dural intervention for removal. Most will pass through 

the gastrointestinal tract spontaneously. Esophageal for-
eign bodies tend to lodge in areas of physiologic narrowing 
and can cause airway compression if the foreign body is 
lodged at the level of the cricoid cartilage or the carina.

Airway foreign body aspiration, similarly to foreign 
body ingestion, commonly occurs between the ages of 1 
and 3  years. About 95% of foreign bodies will lodge in 
the right mainstem bronchus. Patients can present with 
wheezing, persistent cough, abnormal voice, and stri-
dor. If there is complete or near complete obstruction of 
the airways, tachypnea, cyanosis, and unconscious-
ness will occur. Chest X-ray may be normal or display air 
trapping.

Anesthetic management in both esophageal and airway 
foreign bodies depends on the clinical status of the patient, 
the location of the object, and the length of time it has been 
in place. A  major point of discussion is whether to con-
trol ventilation or to maintain spontaneous ventilation. 
Often in the presence of an airway foreign body, regard-
less of NPO time, the goal of induction of anesthesia is to 
maintain spontaneous ventilation. This can be achieved 
with volatile anesthetics or with a TIVA technique. In 
cases of complete airway occlusion, needle cricothyroid-
otomy and transtracheal jet ventilation may also bypass 
the obstruction. Endotracheal intubation with the goal of 
using the ETT to push the object into the right mainstem 
may allow the left lung to be ventilated.

The differential diagnosis of upper airway obstruction 
includes the following:

• Airway foreign body
• Esophageal foreign body

Infectious processes:

• Tracheitis
• Epiglottitis
• Croup
• Retropharyngeal abscess
• Peritonsiallar abscess
• Mononucleosis
• Trauma and burns

Edema:

• Anaphylaxis
• Hereditary angioedema
• Vocal cord dysfunction

K E Y FAC T S

• An esophageal foreign body (6 months–3 years old) can 
cause airway compression if at the level of the cricoid 
cartilage or the carina.
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• Airway foreign body aspiration (1–3 years 
old): symptoms of wheezing, persistent cough, 
abnormal voice, and stridor, tachypnea, cyanosis, and 
unconsciousness

• The goal of anesthetic management for airway foreign 
bodies is to maintain spontaneous ventilation.

R E F E R E N C E S

Othorhinolaryngoloic procedures. In:  Coté CJ, Lerman J, Todres 
ID, eds. A Practice of Anesthesia for Infants and Children. 5th ed. 
Philadelphia, PA: Saunders; 2013:653–682.

The head and neck:  speciality and multidisciplinary surgery. 
In:  Holzman RS, Mancuso TJ, Polaner DM, eds. A Practical 
Approach to Pediatric Anesthesia. Philadelphia, PA: Wolters Kluwer/
Lippincott Williams & Wilkins; 2008:267–70.

Wyllie R. Foreign bodies in the gastrointestinal tract. Curr Opin 
Pediatr. 2006;18(5):563.

24. ANSWER: B

Asthma is one of the most common chronic diseases of child-
hood. The most common symptoms of asthma are wheezing 
and cough. The pathophysiology of asthma includes chronic 
inflammatory changes, airway hyperresponsiveness, 
and bronchoconstriction, causing reversible obstruction. 
Cold weather, exercise, seasonal and environment allergens, 
tobacco smoke exposure, and viral upper respiratory infec-
tions are all common precipitating factors for developing an 
acute asthma exacerbation. Beta-2 receptors are found in the 
smooth muscle of the airways. Activation of Beta-2 receptors 
leads to bronchodilatation. Asthma is classified by severity. 
Severity is determined by frequency of symptoms and by 
measuring FEV1. Long-term pharmacologic management 
is guided by severity.

Preoperative evaluation of a patient with asthma 
should include an understanding of the severity of the 
patient’s disease, current medications, provoking fac-
tors, and establishing the time of the most recent acute 
event. Patients should be counseled to continue their usual 
medications leading up to surgery. Postponing elective sur-
geries during an acute or very recent asthma exacerbation 
may be warranted.

Induction and emergence from anesthesia should be 
designed to limit airway irritation. LMA use instead of ETT 

use, consideration for deep extubation, and maintenance of 
a deep plane of anesthesia are strategies used in the peri-
operative period to avoid bronchospasm. Intraoperatively, 
patients with asthma may require ventilation strategies 
to account for increased airway resistance. Intraopertive 
bronchospasm can be treated with inhaled beta agonists. 
Volatile anesthestics such as isoflurane or sevoflurane pro-
duce bronchodilatation and suppress airway reflexes. 
They can be helpful during intraoperative management of 
an asthma exacerbation. If there is little or no response to 
inhaled beta agonists, systemic corticosteroids should be 
administered. Epinephrine is a potent beta agonist and 
should be given intravenously in severe refractory asthma. 
During an acute intraoperative event, mechanical ventila-
tion goals should allow for a long expiratory time. In a 
severe case of bronchospasm the main goal of ventilation 
should be to maintain at least low normal oxygenation. 
Aggressive attempts at ventilating to normalize PCO

2
 may 

result in barotrauma or air trapping. If the patient has a long 
history of steroid use, he or she may be at risk for iatrogenic 
adrenal insuffiency in the perioperative period and may 
require stress dose steroids.

K E Y FAC T S

• Asthma: pathophysiology includes chronic 
inflammatory changes, airway hyperresponsiveness, 
bronchoconstriction, and reversible obstruction.

• Severity is determined by frequency of symptoms and by 
measuring FEV1.

• Ventilation strategies need to account for increased 
airway resistance using longer expiratory times.

R E F E R E N C E S
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Essentials of Pediatrics. 6th ed. Philadelphia, PA:  Saunders; 
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and Children. 5th ed. Philadelphia, PA: Saunders; 2013:221–236.

Essentials of pulmonology. In:  Stoelting RK, Miller RD, eds. Basics 
of Anesthesia. 5th ed. Philadelphia, PA:  Churchill Livingstone; 
2007:406–409.
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5.
CA R DIOVASCULA R SYSTEM

Audrius Zibaitis, Tomas Walsh, David A. August, Jamie Rubin, Vincent Collard,  
Hayden Nguyen, Scott Pritzlaff, and Annette Schure

1. Vascular rings and an interrupted aortic arch are 
caused by an abnormal development of which of the fol-
lowing embryologic aortic arches?

A. Aortic arches I and II
B. Aortic arches III and IV
C. Aortic arches II and IV
D. Aortic arches IV and VI

2. The largest decrease in pulmonary vascular resistance 
occurs at what age?

A. In utero between 32 and 36 weeks
B. At birth
C. At 4–6 weeks of age
D. At 6 years of age

3. Which of the following statements regarding the 
fetal circulation is correct?

A. The fetal circulation is a serial circulation.
B. The combined fetal cardiac output is about 400–425 

mL/kg per minute.
C. The left ventricle is the dominant ventricle, 

providing 60% of the cardiac output.
D. The stroke volume of the right ventricle is about 0.7 

mL at term.

4. A  transitional atrioventricular (AV) canal is best 
described by which of the following statements:

A. It is the result of L-looping of the heart tube during 
the early embryological stages.

B. It is an incomplete AV canal with a primum atrial 
septic defect (ASD) and a small ventricular septic 
defect (VSD).

C. It is often associated with a cleft in the tricuspid valve.
D. It has a common AV valve with five bridging leaflets.

5. Which of the following statements describes the 
pathophysiology of a complete AV canal?

A. Right-sided outflow tract obstruction with right-to-
left shunt and cyanosis

B. Ratio of pulmonary blood flow to systemic blood 
flow dependent on pulmonary and systemic vascular 
resistances

C. Adequate systemic perfusion is dependent on the 
presence of a patent ductus arteriosus (PDA).

D. Left-sided outflow tract obstruction with left-to-
right shunting and pulmonary overcirculation

6. Which of the following types of total anomalous pul-
monary venous return (TAPVR) is most commonly asso-
ciated with decreased pulmonary venous blood flow?

A. Supracardiac type
B. Cardiac type
C. Infracardiac type
D. Mixed type

7. Endocarditis prophylaxis is indicated for which of the 
following procedures?

A. Upper endoscopy in 2-year-old boy with 
muscular VSD

B. Cardiac catherization in 1-year-old boy status post 
repair of Tetralogy of Fallot at age 2 months

C. Dental rehab procedure in 3-year-old girl status post 
ASD device closure 8 months ago

D. Dental rehab procedure in 3-year-old girl status post 
surgical VSD closure 5 months ago without evidence 
of residual defect

8. Which of the following statements regarding the car-
diovascular manifestations in patients with Williams 
syndrome is true?

 

   

 

 

 

 

 

 

 

https://kat.cr/user/Blink99/



100  •   organ-Based BasIc and clInIcal scIences

A. It is most often associated with subvalvular and 
valvar pulmonary stenosis,

B. It is commonly associated with endocardial cushion 
defects.

C. It is an arteriopathy involving mostly the 
supravalvular ascending aorta, often including 
coronary ostia and coronaries, but also other arteries.

D. The severity of cardiovascular disease is easily 
assessed by a preoperative echo.

9. Which of the following statements regarding car-
diopulmonary bypass (CPB) in infants and children is 
correct?

A. Deep hypothermic arrest can be safely used for 
periods >60 min.

B. Hyperglycemia is common and often requires 
treatment with insulin.

C. CO
2
 is often added to the CPB in order to facilitate 

alpha stat acid base management.
D. Hemodilution has significant implications for 

rheology and coagulation.

10. A  5-year-old healthy boy, 25  kg, is undergoing a 
dental rehab procedure under general anesthesia. After 
an uncomplicated procedure under isoflurane mainte-
nance, he is reversed with neostigmine and glycopyrro-
late. During suctioning of the oropharynx, just prior to 
extubation, the electrocardiogram (ECG) tracing sud-
denly changes (see Fig. 5.1).

Which of the following could be appropriate in this 
situation?

A. Dantrolene 500 mg IV
B. Lipid emulsion 12.5 mL IV
C. Procainamide 375mg IV push
D. Magnesium 0.6–1.2g IV

11. You are managing a 2-week-old preterm infant with 
a corrected gestational age of 30 weeks for an inguinal 
hernia. After a successful induction including propo-
fol 3 mg/kg, you note a decrease in arterial blood pres-
sure. You suspect it might be secondary to myocardial 
depression from the propofol.

Which of the following is a characteristic of the imma-
ture myocardium?

A. Reduced number of mitochondria
B. Decreased tolerance to ischemia
C. Limited glycogen storage
D. Rapid ATP depletion

12. A  child is being delivered by cesarean section. 
Which of the following statements is correct regarding 
his physiology?

A. In utero, the partial pressure of oxygen is 30 mm Hg 
in the umbilical arteries.

B. In utero, most of the blood from his superior vena 
cava (SVC) crosses the foramen ovale into the left 
atrium.

C. The ductus arteriosus will be anatomically closed 
within 48 hours.

D. The foramen ovale will remain anatomically patent 
in infancy.

13. You are performing an inhaled induction using 
sevoflurane and nitrous oxide in a term neonate with 
a right-to-left intracardiac shunt. The ETCO

2
 remains 

stable at 35 during the induction. Which of the fol-
lowing statements is the most accurate to describe the 
impact of the right-to-left shunt on the wash-in (F

A
/F

I
) 

of this inhaled induction?

A. With a right-to-left shunt, using halothane would 
provide a more rapid wash-in.

B. With a right-to-left shunt, the maximum depth 
achieved during an inhaled induction is increased.

C. With a right-to-left shunt, the sevoflurane partial 
pressure in the pulmonary veins is reduced.

D. With a right-to-left shunt, a change in cardiac output 
would have no effect on the F

A
/F

I
.

14. You are asked to deliver anesthesia to a 3-week-old 
requiring a transluminal balloon valvuloplasty of his 
severely stenotic aortic valve. The echocardiogram dem-
onstrates a hypertrophied left ventricle with low-normal 
function, with a transaortic valve gradient of 70  mm 
Hg. Which of the following induction agents would 
provide the most hemodynamically stable condition for 
the intubation?

A. Sevoflurane 6%
B. Propofol 3 mg/kg
C. Ketamine 2 mg/kg
D. Etomidate 0.2 mg/kg

15. You are managing a 2-year-old child in the intensive 
care unit who underwent a resection of large subaortic 

figure 5.1 Torsades de pointes. (From Brown JD, Lim L, Koning 
S. Voriconazole associated torsades de pointes in two adult patients 
with haematological malignancies. Med Mycol Case Rep. 2014;4:23–5.)
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muscle band creating severe left ventricular outflow 
track obstruction. Following an uneventful surgery, he 
was brought to the intensive care unit with a single vaso-
dilator agent used as treatment for his hypertension. On 
postoperative day 2, his blood pressure is starting to rise 
on increasing doses of that same vasodilator. He also 
demonstrates an increased mixed venous oxygen satu-
ration and a new metabolic acidosis. Which vasodilator 
is being used in this child?

A. Esmolol
B. Inhaled nitric oxide
C. Sodium nitroprusside
D. Hydralazine

16. You are asked to provide anesthesia for a 3-year-old 
boy with a large unrepaired ventricular septal defect 
having a tonsillectomy and adenoidectomy. He has fre-
quent upper respiratory tract infections. He is small for 
his age. During the mask induction using sevoflurane 
in 100% oxygen, his vital signs are the following: heart 
rate 130 beats/min, blood pressure 65/38, and an oxy-
gen saturation of 99%. Which of the following would be 
your next intervention?

A. Bolus 20 mL/kg of normal saline IV
B. Decrease FiO

2
 of oxygen to 0.21

C. Hyperventilate to ETCO
2
 of 35 mm Hg

D. Give phenylephrine 1 µg/kg IV

17. A  child with prenatally diagnosed dextro-  
transposition of the great arteries with intact ventric-
ular septum is born by cesarean section. The child is 
immediately transferred to the neonatal intensive care 
unit. In the intensive care unit, the preductal saturation 
is 60% and the postductal saturation is 85%. Which of 
the following statements is true regarding his particular 
physiology?

A. There is right atrial hypertension.
B. There is retrograde blood flow in the aorta.
C. There is a restrictive intra-atrial communication.
D. The coronary arteries are located on the pulmonary 

arteries.

18. A  2-month-old presents for a g-tube insertion for 
failure to thrive. He was born with tricuspid atresia 
type Ib and was palliated at birth with a 4  mm modi-
fied Blalock-Taussig shunt. His vital signs are an oxygen 
saturation of 70%, a respiratory rate of 30, and a blood 
pressure of 70/35  mm Hg. Which of the following is 
correct regarding his coronary perfusion?

A. The coronary perfusion is derived from the modified 
Blalock-Taussig shunt.

B. The coronaries are perfused by retrograde flow from 
the modified Blalock-Taussig shunt.

C. The Blalock-Taussig shunt decreases the diastolic 
aortic blood pressure.

D. The coronary perfusion only occurs during systole.

19. You are asked to provide anesthesia for a 5-day-old 
term infant with an acute volvulus. As you are evaluat-
ing the child, you learn that he has suffered meconium 
aspiration. His echocardiogram shows an anatomically 
normal heart but with persistent pulmonary hyperten-
sion of the newborn with right-to-left shunting at the  
level of the foramen ovale. Which of the following ther-
apeutic interventions would help manage the pulmo-
nary hypertension intraoperatively?

A. Prostaglandin E1
B. Inhaled nitric oxide
C. Hypothermia to 34°C
D. 100% oxygen

20. You are evaluating a 7-year-old boy with Trisomy 
21 awaiting dental extractions. At 2 months of age, he 
had a ventricular septal defect closure with Gore-tex 
as well as a transannular patch using pericardium. On 
his recent echocardiogram, there is evidence of a small, 
hemodynamically insignificant residual ventricular 
septal defect. He is allergic to penicillin (angioedema). 
What would be your preferred choice for antibiotic pro-
phylaxis to be given 30–60 min prior to the procedure?

A. Amoxicillin 50 mg/kg IV
B. Azithromycin 50 mg/kg IV
C. Clindamycin 20 mg/kg IV
D. Ciprofloxacin 10 mg/kg IV

21. A 9-year-old boy is brought to the operating room 
for an emergency appendectomy. During your preoper-
ative evaluation, you are informed by the parents that he 
is followed in cardiology for a hypertrophic cardiomy-
opathy. He is clinically asymptomatic with no history of 
syncope, palpitation, or chest pain. On exam, you note 
a prominent apical impulse with a 4/6 systolic ejection 
murmur louder with Valsalva. Which of the following 
medications would most likely be part of his medical 
therapy?

A. Metoprolol
B. Digoxin
C. Spironolactone
D. Enalapril

22. A  7-year-old boy has presented to the emergency 
department with dyspnea and tachypnea. He also com-
plains of fatigue, loss of weight, and night sweats. His 
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vitals signs are as follows: a heart rate of 140 beats/min, a 
blood pressure of 72/35 mm Hg, an oxygen saturation of 
96% on room air, and a respiratory rate of 40 breaths/min. 
The emergency room team suspects a pericardial effusion 
secondary to a possible lymphoma. Which of the follow-
ing could be a sign found in a patient with tamponade?

A. Pulsus tardus et parvus
B. Pulsus bisferiens
C. Pulsus paradoxus
D. Pulsus alternans

23. A 1-day-old female is born with intracardiac lesions 
detected on prenatal ultrasound. A brain magnetic reso-
nance image (MRI) has been ordered by the neonatolo-
gist for probable diagnosis of tuberous sclerosis complex. 
The patient is transferred from the neonatal intensive 
care unit to the MRI scanner on room air and without 
apparent distress. What is the appropriate action?

A. Induction with propofol 2 mg/kg and rocuronium 
1 mg/kg

B. Delay case for further assessment
C. Inhalational induction with oxygen and sevoflurane
D. Sedation using dexmedetomidine

24. A 4-year-old male with long QT syndrome is under-
going general anesthesia for left orchiopexy. The patient 
has been followed by a pediatric cardiologist in the out-
patient setting and is currently taking oral propanolol. 
What is an appropriate management for this patient?

A. Premedication with ketamine 4 mg/kg PO to relieve 
anxiety and stress

B. Place an IV while awake for induction in order to 
quickly treat arrhythmia.

C. The procedure can be performed in an outpatient 
surgery unit because the patient is currently taking 
oral beta-blocker.

D. Keep temperature at 37°C during surgery.

25. A 13-year-old female with idiopathic cardiomyopa-
thy is undergoing general anesthesia for an orthotopic 
heart transplant. Following separation from cardiopul-
monary bypass with milrinone and epinephrine infu-
sions, the following is noted:  a heart rate of 98 beats/
minute, a radial blood pressure of 72/38, a central 
venous pressure of 18  mm Hg, and a distended right 
ventricle noted on direct visualization. The most pru-
dent intervention would be:

A. Start inhaled nitric oxide
B. Request for a volume bolus through the aortic 

cannula

C. Start phenylephrine infusion to improve systemic 
blood pressure

D. Atrial pacing at 120 beats/minute

26. A  2-day-old newborn with diagnosis of Tetralogy 
of Fallot and absent pulmonary valve presents for com-
plete surgical repair. Patient has significant respiratory 
distress requiring intubation and positive pressure ven-
tilation in the cardiac intensive care unit. What would 
be the most likely potential complication after a suc-
cessful complete repair?

A. Respiratory failure secondary to 
tracheobronchomalacia

B. Right ventricle failure
C. Significant pulmonary hypertension
D. Pulmonary edema related to overcirculation

27. A  7-day-old newborn with hypoplastic left heart 
syndrome (HLHS) presents for Norwood stage I  pal-
liation with a modified Blalock-Taussig shunt (mBTS). 
Prostaglandin E1 (PGE1) infusion is infusing at 
0.01  µg/kg per minute. Vitals include spontaneous 
respiration rate of 40–50 breaths/min, heart rate of 
149 beats/min, blood pressure 53/29  mm Hg, preduc-
tal oxygen saturation of 89%, lactate 0.8 mmol/L, and 
urine output of 0.5 mL/kg per hour overnight. What is 
the appropriate care for this patient?

A. Oxygen supplement via facemask for transport to 
the operating room

B. Give 20 cc/kg fluid bolus for marginal blood 
pressure and low urine output upon arrival to the 
operating room.

C. Avoid hypocapnea during transport and 
prior to CPB

D. Give packed red blood cells for Hct 35% 
prior to CPB

28. A 6-day-old boy with HLHS is undergoing Norwood 
stage I  palliation with a modified Blalock-Taussig 
shunt. While coming off CPB with milrinone and 
epinephrine infusions, excessive hypoxemia is noted 
despite maximal ventilatory support. Heart rate at 150 
beats/min, arterial blood pressure of 60/32  mm Hg, 
VBG of pH 7.36, PCO

2
 43  mm Hg SvO

2
 17  mm Hg 

HCO
3
 25 mEq/L, lactate 1.6 mEq/L, and Hct 33% after 

modified ultrafiltration. What is the next appropriate 
intervention?

A. Increase inotropic support.
B. Transfuse to keep Hct > 40%.
C. Hyperventilate to achieve hypocarpnia.
D. Give sodium bicarbonate.
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29. A 9-year-old with Williams syndrome is undergoing 
general anesthesia for repair of supraaortic and supra-
pulmonary stenoses. Upon coming off CPB with mil-
rinone and epinephrine infusions, the patient shows 
evidence of hypotension despite escalating inotropic 
support. Soon after, the ECG shows evidence of ST 
depression with trending bradycardia. What is the most 
appropriate intervention?

A. Give epinephrine IV bolus.
B. Come back onto bypass.
C. Give red blood cells for better oxygen-carrying 

capacity.
D. Start nitric oxide to better support the RV.

30. A newborn with interrupted aortic arch undergoes 
complete repair and arch reconstruction. Which strat-
egy can be used to decrease risk of neurological injuries 
during and after deep hypothermic circulatory arrest?

A. Hemodilution with hematocrit of 15%
B. Alpha stat blood gas strategy
C. Prevent hyperthermia immediately post circulatory 

arrest.
D. Give calcium.

31. A  6-month-old male with Trisomy 21 status post 
VSD patch closure 2 weeks ago presents for pace-
maker placement. His underlying rhythm is shown in 
Figure  5.2. What should be the appropriate mode for 
epicardial pacing?

A. AAI
B. VOO
C. AOO
D. DDD

32. A 1-day-old male with critical aortic stenosis pres-
ents to cath lab for hemodynamics and transluminal 
balloon valvuloplasty. The patient is breathing sponta-
neously on room air with a heart rate of 140 bpm and a 
noninvasive blood pressure of 60/29. PGE1 is running 
at 0.01 µg/kg per minute. What is an appropriate action 
for management?

A. Induction with propofol 2 mg/kg, fentanyl 1 µg/kg, 
and rocuronium 1 mg/kg

B. Conscious sedation with ketamine 0.5 mg/kg 
boluses to maintain hemodynamics

C. Turn off PGE1 because it can cause apnea and may 
lead to diastolic runoff.

D. Support cardiac contractility using dopamine 
infusion during the procedure.

33. A  21-year-old female with a history of Trisomy 21 
and unbalanced atrioventricular septal defect status 
post nonfenestrated Fontan completion is undergoing 
general anesthesia for cardiac MRI. The patient is hav-
ing dyspnea on exertion. Labs are within normal limit 
with hematocrit of 35%. Prior to induction of an anes-
thesia using etomidate, fentanyl, and rocuronium, what 
would be the most appropriate action?

A. Control potential reflex tachycardia with esmolol 
1 mg/kg.

B. Start a dopamine infusion.
C. Reduce FiO

2
 to prevent pulmonary overcirculation.

D. Give red blood cells to improve oxygen-carrying 
capacity.

34. You are called to assist a previously healthy 
9-month-old male admitted for symptoms of upper 
respiratory infection. Upon arrival, the patient appears 
obtunded with continuous monitoring showing low 
oxygen saturation and decreasing heart rate. What is 
the most appropriate immediate intervention?

A. Intravenous (IV) epinephrine
B. Chest compressions
C. Supplemental oxygen and assist ventilation
D. Obtain autonomic external defibrillator 

(AED) device

35. Intraoperative considerations for children undergo-
ing cardiac transplant include which of the following:

A. Permissive hypercarbia prior to placing patient on 
cardiopulmonary bypass

B. Preferential use of epinephrine and isoproterenol 
over atropine and ephedrine for chronotropic and 
inotropic support

C. Maintenance of anesthesia with isoflurane and 
nitrous oxide

D. Routine placement of a pulmonary artery catheter 
over use of transesophageal echocardiography for 
intraoperative monitoring

36. Which of the following is a critical test used to 
determine suitability for cardiac transplant:

A. Pulmonary Vascular Resistance Index
B. Holter monitoring
C. Echocardiogram
D. Chest radiograph

figure 5.2 Functional SA node with AV Block.
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37. The most common significant arrhythmia seen in 
infants and children is:

A. Long QT syndrome
B. Ventricular tachycardia
C. Supraventricular tachycardia
D. Ventricular fibrillation

38. Proper management of a child with a pacemaker in 
the operating room includes which of the following?

A. Avoidance of unipolar cautery
B. Positioning of the indifferent plate for electrocautery 

close to the pacemaker so the device is between the 
electrodes

C. Interrogation and activation of rate-responsive 
features prior to surgery

D. Use of a harmonic scalpel or battery-operated hot 
wire hand-held cautery

39. The most common primary cardiac tumor in 
children is:

A. Atrial myxomas
B. Cardiac fibromas
C. Rhabdomyomas
D. Teratomas

40. Cardiac tumors in children:

A. Are usually only found in the left atrium
B. Always require surgical excision, especially 

rhabdomyomas
C. Have been associated with congenital abnormalities 

such as tuberous sclerosis
D. May impact ventricular filling but are not associated 

with arrhythmias

41. A 6-year-old girl with known hypertrophic cardio-
myopathy (HCM) is presenting for inguinal hernia 
repair. She is followed by a pediatric cardiologist and 
is otherwise well. She has no difficulty participating in 
school activities. Optimal anesthetic management of 
this child with HCM would include the following:

A. Heart rate control with calcium channel blockers 
and β blockers as required

B. Permissive hypotension on induction
C. Decreasing preload with diuretics
D. Infusion of inotropes during surgery

42. An important characteristic that distinguishes 
dilated cardiomyopathy (DCM) from hypertrophic car-
diomyopathy (HCM) includes:

A. Patients with DCM typically have a volume-loaded, 
poorly contractile ventricle.

B. HCM is frequently caused by a genetic defect, 
whereas DCM is only acquired.

C. Increasing preload in DCM is the hallmark 
treatment for acute symptom control.

D. Beta blockade is contraindicated in DCM but not 
in HCM.

43. In a child with known pulmonary hypertension, 
which of the following factors may lead to acute right 
ventricular failure if not adequately managed in the 
perioperative period:

A. Alkalemia
B. Hypocarbia
C. Transmitted positive airway pressure
D. Hyperthermia

44. Inhaled nitric oxide (NO) may be utilized in cases 
of refractory persistent pulmonary hypertension of 
the newborn (PPHN). The mechanism by which NO 
decreases hypoxemia is related to:

A. Increased levels of cAMP in systemic vasculature
B. Nonselective vasodilation of pulmonary vasculature
C. Induction of phosphodiesterase activity
D. Increased levels of cGMP in smooth muscle

45. Routine prophylactic administration of antibiotics 
prior to surgical procedures is recommended in which 
situation?

A. A 13-year-old with congenital heart disease 
undergoing a genitourinary or gastrointestinal 
procedure

B. A 9-month-old infant born with ventriculoseptal 
defect, which was completely without prosthetic 
material or residual defect repaired at 2 months of life

C. A 10-year-old with a history of cardiac 
transplantation and known valvulopathy

D. A 3-year-old child with recurrent episodes of 
Staphylococcus pharyngitis

46. Diagnostic criteria for Kawasaki disease in a child 
with persistent fever include which of the following:

A. Hepatosplenomegaly
B. Bilateral exudative conjunctivitis
C. Oral changes including strawberry tongue
D. Aseptic meningitis

47. The following is true of children afflicted by 
myocarditis:
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A. Approximately one-half of patients with overt 
heart failure eventually will require heart 
transplantation.

B. Herpes viruses are the most common cause of this 
disease.

C. Aggressive therapy with inotropic agents is the gold 
standard treatment.

D. Cardiac biopsy reveals myocyte necrosis and 
degeneration.

48. Rheumatic heart disease:

A. Results from infection by group B nonhemolytic 
Streptococcus

B. Typically occurs in children ages 1 to 5 years of age
C. Occurs in approximately 50% of children with their 

first attack of rheumatic fever
D. Frequently involves the valves of the right heart

49. Anesthetic management for a child presenting 
acutely with a malignant pericardial effusion includes:

A. Induction with propofol
B. Expeditious use of positive pressure ventilation if 

possible
C. Infusion of catecholamines such as dopamine or 

isoproterenol
D. Fluid restriction to avoid prevent pulmonary edema

50. Pulsus paradoxus seen in pericardial effusion and 
tamponade:

A. Can be defined as a decrease in systolic blood 
pressure >10 mm Hg during exhalation

B. Suggests significant impairment in systolic ejection 
of the left ventricle

C. Is associated with tachycardia and peripheral 
vasoconstriction

D. Is seen in a majority of patients with chronic effusion

51. A 3-month old, 6 kg male infant is undergoing Stage 
1 (“Norwood Procedure”) of the Fontan palliation for 
hypoplastic left heart syndrome. The patient has been 
on a PGE1 infusion since birth. After induction, vitals 
show a pulse of 160 beat per minute, blood pressure of 
58/35 mm Hg, and SpO

2
 of 75%. Which of the follow-

ing actions should be taken to prevent decompensation 
of the infant?

A. Increase the FiO
2
 since this patient is already 

hypoperfused due to arterial-venous admixing
B. Hypoventilate to lower pulmonary vascular 

resistance
C. Allow hypoxemia and hypercarbia
D. Cannulate for ECMO

52. A  36-week fetus is scheduled to undergo EXIT 
procedure to facilitate airway access due to a cervical 
teratoma found on prenatal ultrasound. The mother is 
induced and intubated uneventfully. The uterine inci-
sion is made, and a moment later, the anesthesiologist 
attempts to place an endotracheal tube in the fetus. 
Which of the following is the most important aspect of 
obstetric anesthesia to ensure safe delivery of the infant?

A. Avoidance of maternal muscle relaxant to ensure 
fetal tone is maintained

B. Maintaining uterine tone to prevent maternal 
hemorrhage and fetal hypoxia

C. Ensuring full relaxation of the uterus to facilitate 
delivery

D. Full delivery of the infant to ensure adequate access 
to the airway

53. A  2-year-old girl with Tetralogy of Fallot is being 
induced for cardiac surgery. Her blood pressure falls on 
induction and she appears cyanotic. Her legs are raised 
off the table and phenylephrine is administered as a 
bolus. The benefit of phenylephrine in this circulation 
is derived from:

A. Reduction of afterload to facilitate forward flow
B. Decreasing right-to-left shunting, allowing for 

improved outflow of oxygenated blood
C. Allowing more blood to be sent to the pulmonary 

arteries by increasing right-sided venous return
D. Inotropic stimulation of myocardium

54. Which of the following best describes the effects of 
dopamine on the pediatric heart?

A. Dopamine has no chronotropic effects.
B. Dopamine has a predictable effect for a given dose.
C. Dopamine does not cause clinically significant 

arrhythmias.
D. Dopamine causes increased renal and mesenteric 

perfusion.

55. A 37-week newborn weighing less than 1500 grams 
at birth is classified as:

A. Low birth weight (LBW) infant
B. Large for gestational age (LGA) infant
C. Preterm infant
D. Very low birth weight (VLBW) infant

56. When does a full-term infant have the highest heart 
rate at rest?

A. First 24 hours after birth
B. Three months after birth
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C. One month after birth
D. Six months after birth

57. A 1-hour-old infant is taken emergently to the oper-
ating room for fasciotomy for compartment syndrome 
after being delivered with the cord wrapped around the 
right foot. Which of the following best describes the 
transitional circulation of a 1-hour-old infant?

A. There is reversed flow in the ductus arteriosus 
compared to fetal circulation.

B. The ductus venosus is completely closed.
C. There is flow from right to left through the 

foramen ovale.
D. Pulmonary arterial resistance is not affected by 

hypercapnia.

58. A 6-month-old, 10 kg infant is taken to the operat-
ing room for suspected intussusception. The infant is 
febrile, tachycardic, and irritable. Just prior to induc-
tion, the ECG tracing shows a change in heart rhythm 
from normal sinus rhythm to supraventricular tachycar-
dia. Which of the following is an appropriate treatment?

A. Defibrillation with 2 J/kg
B. Amiodarone 1–2.5 mg/kg
C. Adenosine 0.1 mg/kg
D. Magnesium sulfate 25–50 mg/kg

59. A  6-year-old child goes on to cardiopulmonary 
bypass (CPB) for repair of a congenital bicuspid aortic 
valve. Which of the following agents or techniques is the 
most likely to cause serious complications during CPB?

A. Isoflurane induction
B. Nitrous oxide
C. Sevoflurane
D. Desflurane

60. A  1-month-old infant with critical aortic stenosis 
is undergoing induction of anesthesia for aortic valve 
repair. The major problem with using ketamine in this 
patient comes from risk of:

A. Poor analgesia
B. Dysphoria
C. Tachycardia and arrhythmia
D. Hypersalivation

61. A  16-year-old runner collapses during a 
half-marathon. He is transferred to a tertiary care center, 
where he is in stable condition. Transesopageal echo-
cardiography shows ventricular hypertrophy. The left 
ventricular outflow tract displays obstruction, with mod-
erate mitral regurgitation and systolic anterior motion 

of the mitral valve. Before the procedure is completed, 
the patient begins to cough and move spontaneously. He 
develops sinus tachycardia to 140 and his blood pressure 
falls to 70/40. Immediate treatment with which of the 
following is likely to restore systolic blood pressure?

A. Esmolol
B. Adenosine
C. Phenylephrine
D. Lidocaine

62. A 6-year-old child with Down syndrome is taken into 
the GI suite for upper endoscopy to investigate chronic 
abdominal pain and gastroesophageal reflux. The child 
has a known ventricular septal defect, but it has not been 
well characterized and no records are available. He has 
grown well and the parents report he plays well with his 
older brother. Assuming the case proceeds, which of the 
following is most likely to manifest during IV induction?

A. Induction is likely to be faster since there is a 
right-to-left shunt.

B. There is likely a left-to-right shunt, which will have 
little bearing on induction speed.

C. Eisenmenger’s syndrome is a major concern.
D. Ventricular septal defect has no bearing on 

induction speed.

63. Which statement regarding the pulmonary vascular 
development is correct?

A. Pulmonary vasculature development is complete 
at birth.

B. Pulmonary vasculature development is complete 
after the first few years of life.

C. Pulmonary hypertension episodes do not happen in 
full-term neonates.

D. Persistent fetal circulation rarely causes 
life-threatening issues.

64. Which features are characteristic of the 
neonatal heart?

A. Myocytes comprise 50% of neonatal heart elements 
versus 60% in the adult heart.

B. Sarcoplasmic reticulum and T tubule network are 
well developed.

C. Contains an increased number of mitochondria
D. Increased dependence on extracellular ionized 

calcium for contractile performance

65. A  premature infant is delivered at 34 weeks gesta-
tion. Vitals signs are pulse 170, blood pressure 55/35, 
and respiratory rate 40. The main reason why inotropic 
medications are less helpful in infants is:
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A. Rapid heart rate creates nonlaminar flow, which 
limits output.

B. The heart is stiff and already pumps at near-maximal 
output.

C. The immature B1 receptors do not respond to 
inotropic medications.

D. Strong vagal tone limits the response to exogenous 
administration.

66. A 1-day-old infant starts crying and develops central 
cyanosis. Patient is noted to have abnormal facies and 
cleft palate. Venous blood sample reveals low serum cal-
cium level. Transthoracic cardiac ultrasound study shows 
severely narrowed pulmonary artery, right ventricular 
hypertrophy, a large VSD, and overriding aorta. Which of 
the following medications are indicated for this patient?

A. Prostacyclin
B. Epinephrine
C. Prostaglandin E1
D. Inhaled nitric oxide

67. An intraoperative transesophageal echocardiogra-
phy is shown in Figure 5.3. What is the diagnosis?

A. Atrial septal defect
B. Ventricular septic defect
C. Systolic anterior motion
D. Tetralogy of Fallot

68. An 8-year-old girl presents to the preop anesthesia 
clinic for evaluation of the need for periprocedural anti-
biotics for work on an impacted molar. She has a history 
of congenital heart disease. Records indicate she had 
an atrial septal defect that was repaired with a Teflon 
graft when she was 9 months old. Which of the follow-
ing describes the most appropriate choice regarding her 
antibiotics selection?

A. Oral amoxicillin is indicated.
B. Vancomycin is indicated due to the Teflon graft.
C. Antibiotics are required if dental prosthetics are to 

be installed.
D. Antibiotics are not indicated.

69. A healthy 25-year-old woman at term gestation with 
a normal fetus undergoes rapid sequence induction and 
intubation for suspected placental abruption. Which 
of the following medications, when administered via 
IV to the mother, is a major concern with regard to the 
newborn?

A. Propofol
B. Remifentanil
C. Succinylcholine
D. Rocuronium

70. A 12-month-old, 10 kg male presents for circumci-
sion. Shortly after injection of 20 mg bupivicaine 0.25% 
with epinephrine into the caudal space, ventricular 
tachycardia develops. Local anesthetic systemic toxicity 
is suspected. CPR is begun and intralipid is adminis-
tered. Which of the following most accurately describes 
the reason for cardiovascular collapse?

A. Activation of parasympathetic tone resulting in 
conduction irregularity

B. Sodium channel blockade
C. Anaphylactic response
D. Hyperkalemia from muscular toxicity

71. A 16-year-old girl has a history of heart transplan-
tation at age of 11 due to restrictive cardiomyopathy. 
Which of the following is the most likely cause of death 
at 12 years following transplant?

A. Infection
B. Rejection
C. Coronary artery disease
D. Multiorgan failure

72. An otherwise-healthy 16-year-old child is taken 
emergently to the operating theater immediately after 
suffering a 50% total body burn from a house fire. Rapid 
sequence induction is performed, including paralysis 

figure 5.3 Central defect in the atrial septum (arrows), typical of a 
secumdum atrial septal defect, seen in the midesophageal four-chamber 
view. (From Perrino AC, Reeves ST, eds. A Practical Approach to 
Transesophageal Echocardiography. New York, NY: Lippincott, 
Williams and Wilkins; 2003: Rouine-Rapp K and Miller-Hance WC. 
Chapter 18. Transesophageal Echocardiography for Congenital Heart 
Disease in the Adult. Page 288. Reprinted with permission.)
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succinylcholine 3 mg/kg coadministered with atropine 
0.02%. Which of the following is true regarding use of 
succinycholine in this situation?

A. The risk of myoglobinuria from succinylcholine is 
increased in this patient.

B. In new burns, the risk of hyperkalemia from 
succinylcholine increases.

C. Succinylcholine is probably safe for use in this 
patient.

D. Cisatracurium would be a better choice of 
neuromuscular blocker.

73. Which of the following are normal ECG patterns of 
healthy infants as compared to adults?

A. Prolonged PR interval
B. Inverted right precordial T waves
C. Wider QRS complexes
D. Prolonged QT interval

74. Predictors for increased mortality in propofol infu-
sion syndrome (PRIS) include:

A. Female gender
B. Patients older than 18 years
C. A propofol infusion lasting more than 48 hours
D. Respiratory acidosis

75. Which of the following patients would require bac-
terial endocarditis prophylaxis before a dental proce-
dure under anesthesia?

A. A child who had surgical patch-repair of an ASD 
1 year ago

B. A child who had a device closure of an ASD in the 
cardiac catheterization lab 8 months ago

C. A child who had surgical ASD repair 2 years 
ago whose echocardiogram shows a leak at the 
patch site

D. A child with left-to-right flow through an 
unrepaired ASD

76. A newborn is undergoing repair of transposition of 
the great arteries. The surgeon plans to use deep hypo-
thermic circulatory arrest (DHCA) during the repair. 
Which statement about arterial blood gas (ABG) 
management during DHCA in pediatric heart surgery 
is true?

A. Using pH-stat management may require raising the 
sweep gas rate.

B. DHCA results in a more acidotic pH on the ABG.
C. Alpha-stat management provides better neurological 

outcomes than pH-stat.

D. If pH-stat management is used, arterial blood gas 
samples are heated to 37 degrees before analysis.

77. A newborn is undergoing deep hypothermic circula-
tory arrest (DHCA) to facilitate repair of a congenital 
heart defect. Which of the following is true regarding 
the effects of DHCA on neurodevelopmental outcome?

A. Ice packs should be applied to the patient’s head 
during cooling and DHCA.

B. Methylprednisolone given immediately before 
DHCA improves neurological outcome.

C. The surgeon should limit DHCA intervals to 40 
minutes at a time.

D. Significantly worse neurodevelopmental outcomes 
occur when DHCA exceeds 12 minutes.

78. A 3-year-old, 15 kg boy is undergoing a Fontan pro-
cedure. During chest closure, he is allowed to breathe 
spontaneously. An arterial blood gas taken 15 minutes 
later shows PaCO

2
 = 61 mm Hg and pH = 7.27. What is 

the most appropriate ventilation strategy?

A. Continue spontaneous ventilation, which is optimal 
for Fontan patients

B. Volume-controlled ventilation with tidal volume 
(Vt) 160 mL, respiratory rate (RR) 20 breaths/
min, inspiratory:expiratory (I:E) ratio 1:2, positive 
end-expiratory pressure (PEEP) 10, and fractional 
inspired oxygen (FIO

2
) 100%

C. Volume-controlled ventilation with Vt 80 mL, RR 
18, I:E 1:3, PEEP 5, and FIO

2
 100%

D. Pressure-controlled ventilation with peak inspiratory 
pressure 16 cmH

2
O, RR 30, I:E 1:1, PEEP 5, and 

FIO
2
 100%

79. Which of the following statements is true for a neo-
nate undergoing repair of a cyanotic heart lesion com-
pared to an adult undergoing coronary artery bypass 
grafting (CABG)?

A. The minimum perfusion pressure on 
cardiopulmonary bypass can be lower in the neonate 
than in the adult.

B. Dilutional effects from the pump prime are 
approximately 25% for the adult and 75% for the 
neonate.

C. Although neonatal-sized bypass cannulae are 
smaller, they are placed in the same locations as for 
an adult.

D. Ultrafiltration is frequently used in both adult and 
neonatal heart surgery.

80. Which statement about the hybrid procedure for 
hypoplastic left heart syndrome is correct?
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A. Ductal stenting, pulmonary artery banding, and 
creation of an unrestricted intra-atrial septum must 
be done during the same procedure.

B. The pulmonary artery bands are tightened according 
to an age- and weight-based formula.

C. During chest closure, inspired oxygen is liberalized 
to 100%.

D. Hemodynamic instability often occurs during 
pulmonary artery banding.

81. A  15-year-old male with newly diagnosed 
Wolff-Parkinson-White syndrome presents for laparo-
scopic appendectomy. He is not currently on any medi-
cations and is otherwise healthy. Upon insufflation of 
the abdomen he develops a wide complex tachycardia 
(heart rate 170 beats/min). Blood pressure is 110/70 mm 
Hg. Which of the following is the best medication to 
terminate the tachyarrhythmia?

A. Adenosine
B. Procainamide
C. Esmolol
D. Verapamil

82. A 1-year-old is placed on veno-arterial ECMO due 
to failure to wean from cardiopulmonary bypass after 
surgical repair of Tetralogy of Fallot. An arterial blood 
gas 30 minutes later shows pH 7.32, PCO

2
 52 mm Hg, 

PO
2
 223 mm Hg. Which of the following actions would 

reduce this patient’s PaCO
2
?

A. Increase the pump flow rate.
B. Increase the sweep gas rate.
C. Reduce the pump flow rate.
D. Increase the recirculation fraction.

83. A  1-year-old is undergoing surgical repair of 
Tetralogy of Fallot. Nasal intubation is difficult and 
requires multiple attempts. Shortly after the endotra-
cheal tube is placed and end-tidal CO

2
 is confirmed, 

the patient abruptly desaturates. Blood pressure is 
80/50 mm Hg, and pulse is 120 beats/min. Which of the 
following would be the best treatment?

A. Milrinone 50 µg/kg
B. Dopamine infusion, 5 µg/kg per minute
C. Albumin 5%, 10 mL/kg
D. Epinephrine 5 µg/kg

84. A  1-year-old child is undergoing elective repair of 
Tetralogy of Fallot. Her baseline oxygen saturation is 
100%. Which of the following would be true regard-
ing the effect of Tetralogy of Fallot on the induction of 
anesthesia?

A. No significant change in the speed of induction
B. Significantly slower inhalational induction
C. Significantly faster intravenous induction
D. Significantly faster inhalational induction

85. A  580 g, 26-week post-gestational age premature 
neonate on high-frequency oscillatory ventilation is 
undergoing repair of a PDA via thoracotomy. Over the 
course of 15 minutes, the oxygen saturation drops from 
95% to 82%. To improve the saturation, the most appro-
priate management is:

A. Increase the oscillation amplitude to better recruit 
alveoli.

B. Immediately switch to a conventional ventilator.
C. Request that the surgeon remove the retractor to 

allow lung expansion.
D. Place a 3 French Fogarty balloon catheter as a 

bronchial blocker.

86. A  1-week-old full-term newborn who has pulmo-
nary atresia with an intact ventricular septum (PA/
IVS) is undergoing a diagnostic cardiac catheteriza-
tion in preparation for surgery. Shortly after induc-
tion, the blood pressure falls from 68/50  mm Hg to 
52/30  mm Hg. Pulse-oximetry reads 82%. Which 
would be the most appropriate way to improve blood 
pressure?

A. Administer a normal saline bolus to raise filling 
pressures.

B. Reduce the inspired oxygen to limit “pulmonary 
steal” flow through multiple aortopulmonary 
collaterals.

C. Give nitroglycerin to decompress the right ventricle 
and reduce wall-tension related ischemia.

D. Initiate a prostaglandin E1 (PGE1) infusion.

87. A 30-year-old male with cholelithiasis needs a lapa-
roscopic cholecystectomy. He has a history of Tetralogy 
of Fallot with total repair in infancy. Which of the fol-
lowing abnormalities is he most likely to have?

A. Tricuspid stenosis
B. Pulmonary regurgitation
C. Aortic stenosis
D. Mitral regurgitation

88. A  3-year-old is getting a ventricular septal defect 
repair. During cardiopulmonary bypass, the regional 
oxygen saturation displayed on the near-infrared spec-
troscopy (NIRS) monitor drops from 75% to 58%. 
Which of the following actions would increase the satu-
ration measured by the NIRS monitor?
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A. Reducing the amount of volatile agent added into 
the bypass circuit

B. Warming the patient from 35°C to normal body 
temperature

C. Lowering the cardiopulmonary bypass pump flow
D. Reducing the sweep gas rate

89. A 24-year-old woman adopted from another country 
presents with severe knee pain and is also discovered to 
have a VSD with Eisenmenger physiology. In planning 
the anesthesia for her upcoming repair of a complete 
anterior cruciate ligament tear, which statement is true?

A. Phenylephrine should be avoided due to its 
pulmonary vasoconstrictive constrictive effects.

B. A mixture of air and oxygen may be used.
C. Regional anesthesia is avoided due to increased 

perioperative mortality.
D. Her cardiac output should be monitored with a 

pulmonary artery catheter during surgery.

90. A  4-year-old 15  kg male with Williams syndrome 
presents for a robotic-assisted laparoscopic bilateral 
ureteral reimplantation for vesicoureteral reflux. His 
most recent echocardiogram demonstrates mild supra-
valvular aortic stenosis, moderate left ventricular hyper-
trophy, and normal biventricular function. Anesthesia 
is induced with inhaled sevoflurane and intravenous 
access is obtained. After 20 mg of propofol is given to 
facilitate intubation, deep ST-segment depressions are 
noted on the ECG, followed quickly by bradycardia and 
pulseless electrical activity. What is the most likely etiol-
ogy for this cardiovascular collapse?

A. Myocardial ischemia associated with undiagnosed 
coronary artery anomalies

B. Acute right ventricular failure associated with 
undiagnosed pulmonary hypertension

C. Complete left ventricular outflow tract obstruction
D. SVT secondary to an undiagnosed accessory 

conduction pathway

91. A 2-year-old boy with Trisomy 21 (Down syndrome) 
is undergoing repair of a transitional atrioventricu-
lar canal defect. Shortly after inhalational induction 
with sevoflurane, his heart rate falls from 110 to 70 
beats/min. Blood pressure is 70/55  mm Hg, and oxy-
gen saturation is 100%. What is the most appropriate 
management?

A. No treatment indicated
B. Phenylephrine, 1 µg/kg IV
C. Glycopyrrolate, 10 µg/kg IV
D. Reduce the inspired oxygen fraction from 

100% to 21%

92. A 1-week-old, full-term baby with infracardiac-type 
total anomalous pulmonary venous return is separat-
ing from cardiopulmonary bypass after full repair. This 
patient will likely have:

A. Pulmonary overcirculation
B. Inability to tolerate rapid administration of 20 mL/

kg of blood products
C. Need for urgent balloon atrial septostomy
D. Ventricular escape rhythms

93. Modified ultrafiltration (MUF) in pediatric heart 
surgery produces which of the following effects?

A. Lower systemic vascular resistance
B. Long-term reduction of inflammatory cytokines
C. Reduced intraoperative bleeding
D. Increased hematocrit

94. A  14-year-old patient with hypertrophic obstruc-
tive cardiomyopathy presents for septal myomectomy. 
Induction of general anesthesia proceeds unevent-
fully, but after incision the patient’s heart rate jumps 
from 70 to 110 beats/min, and blood pressure falls to 
75/30  mm Hg. Which of the following interventions 
could actually worsen hemodynamic status of the 
patient?

A. 500 mL IV bolus of normal saline
B. 10 mg of IV ephedrine
C. 25 mg of IV esmolol
D. 80 µg of IV phenylephrine

95. A  full-term, 3  kg child is undergoing a Norwood 
(Stage 1) operation for hypoplastic left heart syndrome. 
During the first several minutes after separating from 
bypass, the oxygen saturation falls from 80% to 68%. 
PaCO

2
 is 40 mm Hg, blood pressure is 49/39 mm Hg, 

pulse is 120 beats/min, and mixed-venous saturation is 
32%. Which of the following actions would be the most 
appropriate treatment?

A. Inhaled nitric oxide at 20 parts/million
B. Increased the inspired oxygen fraction to 100%
C. Dopamine infusion at 8 µg/kg per minute
D. Hyperventilate to achieve a PaCO

2
 <30 mm Hg

96. An 8-month-old male presents for repair of a 
large perimembranous VSD. Preoperative echocar-
diogram demonstrates some pulmonary hyperten-
sion and left-to-right f low across the VSD. After an 
unexpectedly challenging intubation, the oxygen 
saturation remains at 87% despite confirmation of 
endotracheal tube placement and adequate venti-
lation with 100% oxygen and sevof lurane. Which 
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intervention is most likely to improve this patient’s 
oxygen saturation?

A. Increasing the positive end-expiratory 
pressure (PEEP)

B. Administering a bolus of phenylephrine
C. Decreasing minute ventilation
D. Administering a blood transfusion

97. An 8-day-old, 3.5  kg female with transposition 
of the great arteries is undergoing an arterial switch 
operation. The patient has been off bypass for 20 min-
utes on dopamine and nitroglycerin infusions. After 
administering 10 mL/kg of packed red blood cells, the 
blood pressure rapidly begins to fall. Echocardiogram 
demonstrates acute onset of global myocardial dys-
function. LA pressure is 10  mm Hg, systolic blood 
pressure is 35  mm Hg, and RV pressures are increas-
ing. Which of the following is the most appropriate 
intervention?

A. Stop the nitroglycerin infusion.
B. Aspirate blood from the central line.
C. Administer IV lasix.
D. Administer IV atropine.

98. A 3-week old, full-term male with preductal coarc-
tation of the aorta is scheduled for full repair with 
resection of the narrowed portion and end-to-end 
anastomosis. Which of the following interventions 
will most likely decrease his risk of postoperative 
paraplegia?

A. Mild hypothermia (34°C–35°C)
B. Administration of furosemide (Lasix) prior to aortic 

cross clamp
C. Maintenance of femoral mean arterial pressure 

above 30 mm Hg
D. Hyperventilation to maintain PaCO

2
 of 

25–30 mm Hg
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chaPter 5  ansWers

1. ANSWER: D

During the fourth and fifth week, the most distal part of 
the truncus arteriosus, called the aortic sac, branches into 
several symmetric aortic arches, which accompany the 
pharyngeal arches and their respective cranial nerves. The 
arches develop from top to bottom and are not all pres-
ent at the same time. They terminate in a left and right dor-
sal aorta. Theoretically there are six symmetric arches: arch 
I  develops into the maxillary arteries, arch II into the 
hyoid and stapedial arteries, and arch III into the com-
mon carotid artery and the first part of the internal 
carotid artery. The development of arch IV is more com-
plex: the left side forms the aorta between the left com-
mon carotid artery and the left subclavian artery, and 
the right side the proximal part of the right subclavian 
artery. This explains the different course of the left and 
right recurrent laryngeal nerves. Arch V is rudimentary in 
humans, either never developing or regressing early. Arch 
VI connects with the lung buds. The proximal part of 
arch VI forms the pulmonary arteries; the distal part 
regresses on the right, and on the left it forms the duc-
tus arteriosus. Abnormal developments of the arches IV 
and VI form the basis of vascular rings and right-sided, 
double, and interrupted aortic arches.

K E Y FAC T S

• Theoretically there are six symmetric arches.
• The arches develop from top to bottom and are not all 

present at the same time. They terminate in a left and 
right dorsal aorta.

• Abnormal developments of the arches IV and VI form 
the basis of vascular rings and right-sided, double, and 
interrupted aortic arches.

R E F E R E N C E S

Kusman BD, DiNardo JA. The cardiovascular system. In:  Holzman 
R, Mancuso TJ, Polaner DM. A Practical Approach to Pediatric 
Anesthesia. Philadelphia, PA:  Lippincott, Williams & Wilkins; 
2008:306–374.

Cardiovascular system. In: Sadler TW. Langman’s Medical Embryology. 
11th ed. Philadelphia, PA:  Lippincott, Williams & Wilkins; 
2010:165–200.

2. ANSWER: B

The most dramatic decrease in pulmonary vascular resis-
tance occurs at birth when the lungs are expanded during 
the first few breaths and exposed to higher levels of oxy-
gen. Oxygen is a very potent pulmonary vasodilator (via 

release of endothelial-derived substances like nitric oxide 
and prostacyclins). At the same time the ductus arteriosus 
constricts and, with loss of the low resistance placenta, the 
systemic vascular resistance increases, reducing the shunt 
flow and increasing the pulmonary blood flow significantly.

In utero, the lungs are fluid filled and collapsed. 
In the hypoxic fetal environment (PO

2
 in umbilical vein 

30 mm Hg), the pulmonary vascular resistance is high, in 
midgestation about 10 times higher than 24 hours after an 
uneventful birth, most likely due to immature vasculature 
and hypoxic pulmonary vasoconstriction.

Over the course of the first few months of life, the 
pulmonary vascular resistance continues to decrease. 
Progressive remodeling of the pulmonary vasculature is 
characterized by increasing arborization with changes in 
the alveoli/arteriole ratio (from 20:1 at birth to 12:1 at 
2  years) but also thinning of the medial muscle layer and 
extension into the periphery. During the initial remodel-
ing phase the highly muscularized pulmonary vessels 
are extremely reactive to a variety of stimuli, especially 
acidosis, hypoxia, and stress/pain. A  second nadir is 
reached at about 6–8 weeks, a time when patients with 
large ventricular septal defects or complete atrioventricular 
canals typically become increasingly symptomatic and pres-
ent with congestive heart failure.

The maturation of the pulmonary vasculature contin-
ues well into the school years but at a much slower pace.

K E Y FAC T S

• The most dramatic decrease in pulmonary vascular 
resistance occurs at birth.

• A second nadir is reached at about 6–8 weeks.
• Oxygen is a very potent pulmonary vasodilator (via 

release of endothelial-derived substances like nitric oxide 
and prostacyclins).

• In utero, the lungs are fluid filled and collapsed.
• Over the course of the first few months of life, the 

pulmonary vascular resistance continues to decrease.

R E F E R E N C E S

De Souza D, McDaniel GM, Baum VC. Cardiovascular physiology. 
In: Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for 
Infants and Children. 8th ed. Philadelphia, PA:  Elsevier Mosby; 
2011:86.

Schure AY, DiNardo JA. Cardiac physiology and pharmacology. 
In: Coté CJ, Lerman J, Anderson BJ, eds. A Practice of Anesthesia for 
Infants and Children. 5th ed. Philadelphia, PA: Elsevier Saunders; 
2013:358–60.

3. ANSWER: B

To meet the metabolic demands for growth in a hypoxic 
environment, the combined fetal cardiac output (CO) is 
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approximately 400–425 mL/kg per minute, three times 
as high as in the adults.

The fetal circulation can be described as a parallel 
circulation with several shunts (foramen ovale and duc-
tus arteriosus). Both ventricles contribute to the systemic 
output, only 10%–15% of the CO reaches the lungs. After 
birth the circulation is transitioned to a serial system: two 
separate pumps, the right and the left ventricle, each sup-
porting a different circulation, pulmonary and systemic cir-
culation with variable resistances. The deoxygenated blood 
is first pumped through the pulmonary circulation, oxygen-
ated, and then the complete cardiac output is returned to 
the next pump, the left ventricle, and pumped into the sys-
temic circulation.

The fetal parallel circulation imposes an increased work-
load for the right ventricle. At term, 60% of the combined 
fetal cardiac output is provided by the right ventricle, 
which is the dominant one.

Fetal ultrasound studies have shown that the stroke 
volumes of the ventricles slowly increase during the ges-
tation, from 0.7 mL for the right ventricle and left ventricle 
at 20 weeks to about 7.6 mL for the right ventricle and 5.2 
mL for the left ventricle at term.

K E Y FAC T S

• The combined fetal CO is approximately 400–425 mL/
kg per minute, three times as high as in the adults.

• The fetal circulation can be described as a parallel 
circulation with several shunts (foramen ovale and 
ductus arteriosus).

• Only 10%–15% of the CO reaches the lungs.
• At term, 60% of the combined fetal cardiac output is 

provided by the right ventricle.

R E F E R E N C E S

De Souza D, McDaniel GM, Baum VC. Cardiovascular physiology. 
In: Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for 
Infants and Children. 8th ed. Philadelphia, PA:  Elsevier Mosby; 
2011:82.

Schure AY, DiNardo JA. Cardiac physiology and pharmacology. 
In: Coté CJ, Lerman J, Anderson BJ, eds. A Practice of Anesthesia for 
Infants and Children. 5th ed. Philadelphia, PA: Elsevier Saunders; 
2013:354–6.

4. ANSWER: B

Atrioventricular septal defects are the result of a defec-
tive endocardial cushion formation during the early 
stages of the embryological development (fifth week). 
They can be described as incomplete or complete and bal-
anced or unbalanced AV canals:

Incomplete AV canal: Atrial and/or ventricular 
defect in association with divided atrioventricular 
valves with two separate orifices and some degree of 
abnormal leaflets, typically a cleft in the anterior mitral 
valve leaflet resulting in some degree of mitral valve 
insufficiency

Partial AV canal: Only primum ASD present
Transitional AV canal: Primum ASD and small VSD

Complete AV canal: Primum ASD and large VSD 
associated with a common atrioventricular valve with 
five leaflets. The location of the chordal attachments of 
the anterior bridging leaflet determines the so-called 
Rastelli Type (A, B, or C), with C being the most 
common.

D- and L-looping of the straight heart tube during 
days 23–28 are the basis for the position of the right 
and left ventricles and therefore for the orientation 
of the chambers and left-right asymmetry. This plays 
a role in the development of the L-TGA, the physiologi-
cal corrected form of transposition of the great arteries. 
With ongoing growth of the heart tube and both ends 
fixed in place, there is bending and looping to one side, 
usually to the right side, creating the D-loop where the 
bulbus cordis, later to become the RV, is located on the 
right side. Occasionally the tube bends to the left, forms 
an L-loop, and now the bulbus cordis ends up on the left 
side of the heart.

K E Y FAC T S

• Atrioventricular septal defects are the result of a 
defective endocardial cushion formation during 
the early stages of the embryological development 
(fifth week).

• D- and L-looping of the straight heart tube during days 
23–28 are the basis for the position of the right and 
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figure 5.4 Main Rastelli Type variants of complete atrioventricular 
canal based on the anatomy of the superior (anterior) common 
leaflet. (From Jacobs JP, Burke RP, Quintessenza JA, Mavroudis 
C. Congenital Heart Surgery Nomenclature and Database 
Project: ventricular septal defect. Ann Thorac Surg.  
2000;69(4 Suppl.):S36–43.)
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left ventricles and therefore for the orientation of the 
chambers and left-right asymmetry.

• Incomplete AV canal: Atrial and/or ventricular defect 
in association with divided atrioventricular valves with 
two separate orifices and some degree of abnormal 
leaflets

• Complete AV canal: Primum ASD and large VSD are 
usually associated with a common atrioventricular valve 
with five leaflets

R E F E R E N C E S

Mavroudis C, Backer CL. Atrioventricular canal defects. In: Mavroudis 
C, Backer C, eds. Pediatric Cardiac Surgery. 3rd ed. Philadelphia, 
PA: Mosby; 2003:321–38.

Van Praagh R. Embryology. In: Keane JF, Lock JE, Fyler DC, eds. Nadas’ 
Pediatric Cardiology. 2nd ed. Philadelphia, PA Saunders-Elsevier; 
2006:16.

5. ANSWER: B

Complete AV canal defects are often classified as 
“left-to-right shunts,” but they can also be described 
as “mixing lesions,” even though they are not the classi-
cal single-ventricle mixing lesions. The defect in the atrial 
and ventricular septum is usually so large that there is sig-
nificant mixing of deoxygenated systemic venous blood and 
oxygenated pulmonary venous blood in the area between 
the four chambers. The ratio of pulmonary to systemic 
cardiac output (Qp/Qs) is dependent on the pulmo-
nary and systemic vascular resistances. With decreasing 
pulmonary vascular resistance over the first few weeks 
after birth, this ratio is shifted toward the pulmonary cir-
culation, leading to pulmonary overcirculation with pul-
monary edema and poor systemic circulation. Most infants 
will show signs and symptoms of congestive heart failure 
within the first 3–4 weeks of life. The increased pulmo-
nary blood flow and exposure to high pressures can result in 
pulmonary hypertension and early remodeling of the pul-
monary vasculature (pulmonary vascular occlusive disease 
[PVOD]).

Answer A  describes the pathophysiology of Tetralogy 
of Fallot (RV outflow tract obstruction, VSD, overriding 
aorta, and RV hypertrophy).

Answer C refers to ductal dependent lesions like hypo-
plastic left heart syndrome or critical aortic stenosis.

Answer D is characteristic for critical aortic stenosis or 
coarctation of the aorta and a coexisting VSD.

K E Y FAC T S

• Complete AV canal defects are often classified as “left-to-
right shunts,” but they can also be described as “mixing 
lesions.”

• The ratio of pulmonary to systemic cardiac output 
(Qp/Qs) is dependent on the pulmonary and systemic 
vascular resistances.

• Most infants will show signs and symptoms of 
congestive heart failure within the first 3–4 weeks 
of life.

• The increased pulmonary blood flow and exposure to 
high pressures can result in pulmonary hypertension and 
early remodeling of the pulmonary vasculature.

R E F E R E N C E S

DiNardo JA, Shukla AC, McGowan FX. Anesthesia for congeni-
tal heart surgery. In:  Davies PJ, Cladis FP, Motoyama, EK, eds. 
Smith’s Anesthesia for Infants and Children. 8th ed. Philadelphia, 
PA: Elsevier Mosby; 2011:614.

DiNardo JA, Zvara DA, eds. Anesthesia for Cardiac Surgery. 3rd ed. 
Oxford, UK: Blackwell Publishing; 2008.

McEwan A. Anesthesia for children undergoing heart surgery. In: Coté 
CJ, Lerman J, Anderson BJ, eds. A Practice of Anesthesia for Infants 
and Children 5th ed. Philadelphia, PA: Elsevier Saunders; 2013:339.

6. ANSWER: C

Total anomalous pulmonary venous return (TAPVR) is 
a description for congenital heart defects where all four 
pulmonary veins fail to connect to the left atrium but 
drain instead via remnants of the fetal venous system 
(vertical veins) into the SVC, IVC, or RA, resulting in 
a left-to-right shunt. Obviously, an intracardiac right-to 
left shunt is necessary to maintain cardiac output. There 
are several anatomic variations of TAPVR:  supracardiac 
(≈40%), cardiac (≈25%), infracardiac (≈25%), and mixed 
types (≈5%–10%), depending on the location of the anom-
alous connection. TAPVR is an isolated cardiac defect 
in about 60%, but one third are associated with complex 
anomalies, especially heterotaxy syndromes. The clinical 
presentation is often complicated by some degree of pul-
monary venous obstruction, particularly in the infracar-
diac type (at the diaphragmatic hiatus or junction of the 
IVC/portal vein), leading to significant pulmonary hyper-
tension, poor cardiac output, and increasing acidosis.

K E Y FAC T S

• Total anomalous pulmonary venous return (TAPVR) 
is a congenital cardiac condition in which all four 
pulmonary veins fail to connect to the left atrium but 
drain instead via remnants of the fetal venous system 
(vertical veins) into the SVC, IVC, or RA, resulting in a 
left-to-right shunt.

• An intracardiac right-to left shunt is necessary to 
maintain cardiac output.

• The clinical presentation is often complicated by some 
degree of pulmonary venous obstruction.
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R E F E R E N C E

Park MK. The Pediatric Cardiology Handbook. 4th ed. Philadelphia, 
PA: Mosby Elsevier; 2010:140–44.

7. ANSWER: D

The latest update of the American Heart Association 
guidelines for the prevention of infective endocarditis, pub-
lished in 2007, shifted the focus toward patients with the 
highest risk of adverse outcomes from endocarditis. (See 
Box 5.1.)

According to these guidelines, endocarditis prophy-
laxis is not recommended for simple VSDs (Answer A) and 
upper endoscopies, catherizations without placements of 
prosthetic material or devices, and completely repaired con-
genital heart disease (CHD) more than 6 months ago with-
out evidence of residual defects (Answer B). Patients who 
had an interventional ASD device closure only require pro-
phylaxis during the first 6 months (Answer C). The patient 
in Answer D had a surgical VSD closure with prosthetic 
material just 5 months ago and is scheduled for a dental pro-
cedure, so she clearly falls into the high-risk category and 
should receive endocarditis prophylaxis.

K E Y FAC T

• The latest update of the American Heart Association 
guidelines for the prevention of infective endocarditis, 
published in 2007, shifted the focus toward patients 
with the highest risk of adverse outcomes from 
endocarditis.

R E F E R E N C E S

Gertler R, Miller-Hance W. Essentials of cardiology. In:  Coté CJ, 
Lerman J, Anderson BJ, eds. A Practice of Anesthesia for Infants and 
Children. 5th ed. Philadelphia, PA: Elsevier Saunders; 2013:299.

Wilson WL, Taubert KA, Gewitz M, et  al. Prevention of infective 
endocarditis:  guidelines from the American Heart Association:  a 
guideline from the American Heart Association Rheumatic Fever, 
Endocarditis, and Kawasaki Disease Committee, Council on 
Cardiovascular Disease in the Young, and the Council on Clinical 
Cardiology, Council on Cardiovascular Surgery and Anesthesia, 
and the Quality of Care and Outcomes Research Interdisciplinary 
Working Group. Circulation. 2007;116:1736–54.

8. ANSWER: C

Williams syndrome (WS), also called Williams-Beuren syn-
drome, was first described in 1961 by JCP Williams from 
New Zealand and is characterized by a combination of con-
genital heart defects (supravalvular aortic and pulmonary 
stenosis), developmental delay, and distinctive personality 
traits and facial features (elfin face). It has an incidence of 
about 1:20,000 and is caused by a spontaneous deletion on 
chromosome 7q11.23, resulting in an elastin arteriopathy. 
The smooth muscle cells of patients with WS are elastin defi-
cient (only 15% of normal elastin content). Hypertrophic 
muscle cells with increased collagen content lead to thicken-
ing of the arterial media and obstructive hyperplastic intimal 
lesions. The main cardiac feature is the supravalvular aor-
tic stenosis with tubular narrowing of the ascending aorta. 
A  characteristic “hourglass narrowing” of the aorta can 
often be seen at the sinotubular junction. Coronary, renal, 
and mesenteric arteries can also be involved. Approximately 
80% of WS patients have additional peripheral pulmonary 
artery stenosis, or less common central pulmonary artery ste-
nosis. The resulting pathophysiology can be best described as 
bilateral ventricular hypertrophy from bilateral outflow 
obstructions with increased risk for myocardial isch-
emia and sudden death due to decreased coronary perfu-
sion and/or increased myocardial oxygen consumption. 
The coronary blood flow can be compromised by multiple 
factors: loss of windkessel effect with reduced diastolic pres-
sures, diastolic dysfunction of hypertrophied ventricles, 
ostial obstructions by thickened valve leaflets, and coronary 
arteriopathy with multiple stenotic areas. Unfortunately, 

Box 5.1 CAR DIAC CONDITIONS ASSOCIATED 

WITH THE GR EATEST RISK OF ADVERSE 

OUTCOMES FROM ENDOCAR DITIS FOR WHICH 

ANTIBIOTIC PROPHYLAXIS BEFOR E DENTAL 

PROCEDUR ES IS R EASONABLE

Prosthetic cardiac valve or prosthetic material used for 
cardiac valve repair

Previous endocarditis

Congenital heart disease (CHD)a

•  Unrepaired cyanotic CHD, including palliative shunts 
and conduits

•  Completely repaired CHD with prosthetic material or 
device, whether placed by surgery or catheter intervention, 
during the first 6 months after the repair.

•  Repaired CHD with residual defects in the site or 
adjacent to a site of a prosthetic patch or prosthetic device 
(which inhibit endothelialization)b

Cardiac transplantation recipients who develop cardiac 
valvulopathy

aExcept for the conditions listed, antibiotic prophylaxis is no longer recom-
mended for any other form of CHD.
bProphylaxis is reasonable because endothelialization of prosthetic material 
occurs within first 6 months.
SOURCE: Modified from Circulation. 2007:116:1736–1754.
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there is no correlation between the degree of supravalvu-
lar obstruction and coronary involvement, and echocar-
diograpy, the routine screening tool for ventricular function, 
hypertrophy, and outflow obstruction, is very insensitive for 
assessment of coronary blood flow. MRI and CT are promis-
ing new modalities, but for now cardiac catherization with 
coronary angiography is still the “gold standard.” Obviously, 
in small and developmentally delayed children, all these 
imaging studies require some form of sedation or anesthesia. 
And there multiple case reports of sudden death and failed 
resuscitation attempts during sedation and general anesthe-
sia in patients with WS. The best approach is a careful risk/
benefit discussion prior to elective procedures and meticu-
lous attention to myocardial oxygen consumption and coro-
nary perfusion pressures during the perioperative phase.

K E Y FAC T S

• The main cardiac feature of Williams syndrome is 
supravalvular aortic stenosis with tubular narrowing of 
the ascending aorta.

• The resulting pathophysiology can be best described as 
bilateral ventricular hypertrophy from bilateral outflow 
obstructions with increased risk for myocardial ischemia 
and sudden death due to decreased coronary perfusion 
and/or increased myocardial oxygen consumption.

R E F E R E N C E

Burch TM, McGowan FX Jr, Kussman BD, Powell AJ, DiNardo 
JA. Congenital supravalvular aortic stenosis and sudden death 

associated with anesthesia:  what’s the mystery? Anesth Analg. 
2008;107(6):1848–54.

9. ANSWER: D

For congenital cardiac surgery the extracorporal circuit 
has to be adjusted to a wide range of age groups and size 
variations (1.5  kg premie to 100  kg adolescent or adult). 
Infants and children have smaller circulating blood 
volumes, higher oxygen consumption rates, and often 
highly reactive pulmonary vascular beds. In addition, 
neonates and infants have labile thermoregulation and 
immature organ systems with multiple implications for 
ischemic tolerance and inflammatory response. Many com-
plex repairs require a bloodless operative field, which can be 
difficult to achieve in the presence of intra- or extracardiac 
shunts, aortopulmonary collaterals, or otherwise increased 
pulmonary venous return.

Hemodilution:  The relatively large bypass prime vol-
umes compared to the circulating blood volume in infants 
and children lead to significant hemodilution. Even with 
the newest technology, the minimum prime volume for 
circuits allowing full support in neonates at normo-
thermia is 220 mL, 180 mL if the arterial filter is excluded. 
The disadvantages of hemodilution clearly outweigh the 
benefit of improved viscosity at low temperatures: anemia 
with decreased oxygen-carrying capacity, reduced levels of 
plasma proteins and clotting factors leading to tissue edema 
and coagulopathy, electrolyte imbalances, and exaggerated 
release of stress hormones and complement activation.

Table 5 .1 DIFFER ENCES BETWEEN ADULT AND PEDIATRIC CAR DIOPULMONARY BYPASS (CPB)

PAR AMETER ADULT PEDI ATR IC

Estimated blood volume 65ml/kg (4–5 l for 70 kg) <10 kg: 85ml/kg (285 ml for 3 kg)

Dilution effects on blood volume 25%–33% 100%–200%

addition of whole blood or packed red  
blood cells to prime

Rarely Usually

Oxygen consumption 2–3 ml/kg per minute 6–8 ml/kg per minute

full cPB flow at 37°c 50–75 ml/kg per minute 150–200 ml/kg per minute for <3 kg

Minimum CPB temperature rarely <25°c–32°c commonly 15°c–20°c

Use of total circulatory arrest or regional  
low flow perfusion

Rare Common

Perfusion pressures 50–80 mm hg 20–50 mm hg

Acid-base management Mainly Alpha stat Alpha stat and/or pH-stat

Measured PaCO
2
 differences 30–45 mm hg 20–80 mm hg

Glucose regulation
• hypoglycemia
• hyperglycemia

Rare (major hepatic injury)
common; treated with insulin

Common—reduced stores
Less common—risk for rebound 

hypoglycemia

SOURCE: Modified from Lake L, Booker PD. Pediatric Cardiac Anesthesia. 4th ed. Philadelphia, PA: Lippincott, Williams & Wilkins; 2005; DiNardo JA, 
Zvara DA. Anesthesia for Cardiac Surgery. 3rd ed. Oxford, UK: Blackwell; 2008.
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Acid-Base Management: During hypothermia, the dis-
sociation constant of water increases, resulting in decreased 
levels of hydrogen and hydroxyl ions. During hypothermic 
cardiopulmonary bypass two completely different strate-
gies for pH management can be used:  alpha-stat or pH 
stat:  Alpha-stat is named after the alpha imidazole rings 
of histidine, one of the major blood buffers that maintain 
chemical neutrality despite changing temperatures. During 
alpha-stat management, the pH is adjusted to be 7.4 and 
not corrected to the respective temperature. This strategy 
seems to preserve intracellular electrochemical neutrality as 
well as enzymatic function and improve metabolic recovery 
during rewarming. In contrast, using the pH stat strategy, 
as do hibernating animals, CO

2
 is added to achieve a pH 

of 7.4 corrected to the patient’s actual temperature. Despite 
increased intracellular acidosis and enzyme dysfunction, 
experimental studies have shown some advantages of pH 
stat, including improved cerebral perfusion, more homog-
enous cooling, and better oxygen delivery.

Deep Hypothermic Arrest: In the past, deep hypothermic 
arrest (DHCA) with rapid cooling to 18°C and removal of 
all cannulas for 45 to 60 minutes was considered to be the 
standard technique for complex neonatal repairs. Over the 
years, numerous studies demonstrated the potential haz-
ards and negative effects on the neurological development. 
There is no absolutely safe time for circulatory arrest.

K E Y FAC T S

• Infants and children have smaller circulating blood 
volumes, higher oxygen consumption rates, and often 
highly reactive pulmonary vascular beds.

• Neonates and infants have labile thermoregulation and 
immature organ systems with multiple implications for 
ischemic tolerance and inflammatory response.

• Even with the newest technology, the minimum prime 
volume for circuits allowing full support in neonates at 
normothermia is 220 mL, 180 mL if the arterial filter is 
excluded.

• During hypothermia, the dissociation constant of water 
increases, resulting in decreased levels of hydrogen and 
hydroxyl ions.

• During alpha-stat management, the pH is adjusted to be 
7.4 and not corrected to the respective temperature.

• Using the pH-stat strategy, CO
2
 is added to achieve a 

pH of 7.4 corrected to the patient’s actual temperature.

R E F E R E N C E S

DiNardo JA, Zvara DA, eds. Anesthesia for Cardiac Surgery. 3rd ed. 
Oxford, UK: Blackwell.

Lake L, Booker PD, eds. Pediatric Cardiac Anesthesia. 4th ed. 
Philadelphia, PA: Lippincott, Williams & Wilkins; 2005.

Wypij D, Newburger JW, Rappaport LA, et al. The effect of duration of 
deep hypothermic circulatory arrest in infant heart surgery on late 

neurodevelopment:  the Boston Circulatory Arrest Trial. J Thorac 
Cardiovasc Surg 2003;126:1397–403.

10. ANSWER: D

The ECG shows a form of polymorphic VT called “tors-
ades de pointes” characteristic of prolonged QT syndrome. 
Magnesium, 25–50 mg/kg IV, is the treatment of choice 
for “torsades de pointes” VT, which is usually unresponsive 
to defibrillation and other antiarrhythmics. Amiodarone 
and procainamide may lead to further QT prolongation 
with disastrous effects. Malignant hyperthermia and local 
anesthetic toxicity are less likely in this scenario, and the 
suggested doses are wrong:

Dantrolene: Initial dose 2.5 mg/kg; can be repeated up 
to 10 mg/kg

Lipid Emulsion 20%: Initial bolus dose 1.5 mL/kg, 
followed by infusion 0.25 mL/kg per minute. The bolus 
may be repeated once or twice to restore circulation. Double 
the infusion rate to 0.5 mL/kg per minute if blood pressure 
remains low. Continue the infusion for at least 10 min after 
attaining circulatory stability. The recommended upper 
limit is 10 mL/kg lipid emulsion over the first 30 min (from 
ASRA LAST checklist).

Procainamide:  Pediatric Intravenous Dosing: 
Loading dose:  3 to 6 mg/kg over 5 minutes (not to exceed 
100 mg per dose), may be repeated every 5 to 10 minutes to a 
maximum total loading dose of 15 mg/kg; do not exceed 500 
mg in 30 minutes. Maintenance dose: Continuous IV infu-
sion: 20 to 80 µg/kg per minute; maximum dose: 2 g/day.

K E Y FAC T S

• A form of polymorphic VT is called “torsades de 
pointes” and is characteristic for prolonged QT 
syndrome.

• Magnesium, 25–50 mg/kg IV, is the treatment 
of choice for “torsades de pointes” VT, which is 
usually unresponsive to defibrillation and other 
antiarrhythmics.

R E F E R E N C E S

Booker PD, Whyte SD, Ladusans EJ. Long QT syndrome and anaesthe-
sia. Br J Anesth. 2003;90(3):349–66.

Kies S, Pabelick CM, Hurley HA, White RD, Ackerman MJ. Anesthesia 
for patients with congenital long QT syndrome. Anesthesiology. 
2005;102:204–10.

Roden DM. Long QT syndrome. N Engl J Med. 2008;358:169–76.

11. ANSWER: A

The immature myocardium differs from the adult myo-
cardium based on its cytoarchitecture, metabolism, and 
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function. It possesses fewer mitochondria and its sarco-
plasmic reticulum is underdeveloped. The sarcoplasmic 
reticulum is incapable of rapid release and uptake of 
calcium. This makes it more dependent on extracellular 
calcium levels to achieve its contractility. Furthermore, 
the immature myocardium is composed proportion-
ally of more connective tissue and water rather than 
contractile elements, leading to an overall decreased 
contractility.

The metabolism of the immature myocardium is 
based mainly on carbohydrates and lactate as primary 
energy sources. This is different from the adult myocar-
dium, which uses primarily free fatty acids as its source 
of ATP and has limited glycogen stores and glycolytic 
function. In contrast, the immature myocardium pos-
sesses a larger glycogen storage capacity and is capa-
ble of anaerobic glycolysis for ATP production. With 
decreased nucleotidase activity, the immature myocar-
dium is provided with more ATP precursor, which limits 
the depletion of ATP. Overall, this gives the immature 
myocardium a better tolerance to ischemia with rapid 
recovery of function.

When comparing the function of the immature myocar-
dium to the adult myocardium, it is found that it has lim-
ited capacity to increase its cardiac output in response 
to an increased preload. It also has a decreased tolerance 
to afterload. The autonomic innervation is immature with 
a parasympathetic dominance and an incomplete sympa-
thetic innervation.

K E Y FAC T S

• The immature myocardium possesses fewer 
mitochondria and its sarcoplasmic reticulum is 
underdeveloped compared to the adult myocardium.

• The immature myocardium is composed proportionally 
of more connective tissue and water rather than 

contractile elements, leading to an overall decreased 
contractility.

• The metabolism of the immature myocardium is based 
mainly on carbohydrates and lactate as primary energy 
sources.

• When comparing the function of the immature 
myocardium as compared to the adult myocardium, it is 
found that it has limited capacity to increase its cardiac 
output in response to an increase preload.

• The autonomic innervation is immature with a 
parasympathetic dominance and an incomplete 
sympathetic innervation.

R E F E R E N C E

Coté CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:357.

12. ANSWER: D

In utero, both ventricles provide systemic blood flow 
and a variety of fetal connections allow for mixing of 
oxygenated and deoxygenated blood. The relatively oxygen-
ated placental blood arriving from the umbilical vein with 
a PO

2
 of 30 mmHg divides equally to pass either through 

the liver or via the ductus venosus to reach the inferior vena 
cava. Oxygenated blood from the ductus venosus reaches 
the inferior vena cava, allowing it to be directed across 
the foramen ovale into the left atrium by the Eustachian 
valve. This oxygenated blood then passes through the left 
ventricle and aorta to supply the head, chest, and upper 
extremities.

The deoxygenated blood returning from the superior 
vena cava and the coronary sinus is directed through 
the right ventricle and into the pulmonary artery. The 

Table 5 .2 CHAR ACTERISTIC DIFFER ENCES BETWEEN THE IMMATUR E AND THE ADULT MYOCAR DIUM

IMM ATUR E MYOCAR DIUM ADULT MYOCAR DIUM

•  fewer mitochondria and sr
• Poorly formed T tubules
•  limited contractile elements and increased water content
• Dependence on extracellular calcium for contractility

•  organized mitochondrial rows, abundant sr
• Well-formed T tubules
•  Increased number of myofibrils with better orientation
• Rapid release and reuptake of calcium via SR

• Carbohydrates and lactate as primary energy sources
• Increased glycogen stores and anaerobic glycolysis for ATP
•  decreased nucleotidase activity, retained atP precursors
•  Better tolerance to ischemia with rapid recovery of function

• Free fatty acids as primary source for ATP
• Limited glycogen stores and glycolytic function
•  Increased 5′-nucleotidase activity, rapid atP depletion
• Less tolerance to ischemia

• Decreased compliance
•  limited co augmentation with increased preload
• Decreased tolerance to afterload
•   Immature autonomic innervation: parasympathetic dominance, 

incomplete sympathetic innervation

• Normally developed tension
•   able to improve co with increased preload and to maintain co 

with increasing afterload
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majority of this blood is returned to the descending aorta via 
the ductus arteriosus and only approximately 8%–10% of 
the total cardiac output passes through the high-resistance 
pulmonary circulation. Blood in the descending aorta with 
a PO

2
 of approximatively 15% either supplies the umbilical 

artery to be reoxygenated by the placenta or continues to 
supply the lower extremities. The fetal circulation therefore 
runs in parallel, the left ventricle providing 35% and the 
right 65% of cardiac output. Fetal cardiac output is there-
fore measured as a combined ventricular output.

During the transition from fetal to postnatal circula-
tion, the lung expansion decreases the pulmonary vascu-
lar resistance and increases the pulmonary blood flow. 
This increases the left atrial pressure. Simultaneously, the 
removal of the placenta and the increase in blood oxygen 
content lead to umbilical vessel constriction and increased 
systemic vascular resistance. Blood flow through the ductus 
venosus is suddenly reduced, causing its passive closure over 
3 to 7 days. This reduced blood return to the inferior vena 
cava as well as the increased left atrial pressure causes the 
foramen ovale to close functionally within the first breath 
of life. The foramen ovale will be completely closed in 50% 
of children by 5 years.

The decrease in pulmonary artery pressure and 
increase in systemic vascular resistance will also reverse 
the flow across the ductus arteriosus from left to right. 
Unlike the passive closure of the ductus venosus, the duc-
tus arteriosus is affected by blood oxygen content and cir-
culating prostaglandins. The ductus arteriosus will have 
functionally (but not anatomically) closed in 58% of nor-
mal full-term infants by 2 days of life and in 98% by day 
4. Within 2 to 3 weeks, functional constriction is followed 
by a process of ductal fibrosis, resulting in a band-like struc-
ture called the ligamentum arteriosum.

Any stimulus such as hypoxia, acidemia, or struc-
tural anomaly can increase pulmonary vascular resis-
tance and potentially reopen the ductus arteriosus or 
foramen ovale. This allows a right-to-left shunt, which 
worsens hypoxia. This effect is seen in persistent pulmonary 
hypertension of the newborn.

K E Y FAC T S

• In utero, both ventricles provide systemic blood flow 
and a variety of fetal connections allow for mixing of 
oxygenated and deoxygenated blood.

• The deoxygenated blood returning from the superior 
vena cava and the coronary sinus is directed through the 
right ventricle and into the pulmonary artery.

• During the transition from fetal to postnatal circulation, 
the lung expansion decreases the pulmonary vascular 
resistance and increases the pulmonary blood flow.

• The decrease in pulmonary artery pressure and increase 
in systemic vascular resistance will also reverse the flow 
across the ductus arteriosus from left to right.

R E F E R E N C E

Coté CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:355–6.

13. ANSWER: C

Wash-in is the rate of increase of the partial pressures of 
alveolar to inspired anesthetic (F

A
/F

I
). Six factors affect 

the wash-in of inhaled anesthetics. The first three factors 
influence the delivery of anesthetic to the lungs: inspired 
concentration, alveolar ventilation, and functional residual 
capacity. The last three factors influence the uptake of 
anesthetic from the lungs: cardiac output, the alveolar to 
venous partial pressure gradient, and the solubility. For the 
F

A
/F

I
 to reach equilibration, the rate of delivery of anesthetic 

to the lungs must substantially exceed its removal from 
the lungs. When comparing infant to adult, four factors 
explain the faster wash-in: the greater fraction of the car-
diac output distributed to the vessel-rich group, the greater 
ratio of alveolar ventilation to functional residual capacity, 
the reduced tissue/blood solubility, and the reduced blood/
gas solubility.

The more rapid increase in F
A

/F
I
 of insoluble 

anesthetics compared with soluble anesthetics is 
generally thought to result in a more rapid induction 
of anesthesia. However, the relative rate of induction of 
anesthesia depends not exclusively on the wash-in but 
also on the rate of increase of the inspired concentration, 
the potency (MAC) of the agent, the ventilation, and on 
the maximal inspired concentration. It is the interplay 
of these factors that inf luences the relative rate of induc-
tion of anesthesia.

A right-to-left shunt refers to a state in which the 
systemic venous blood bypasses the lungs and reaches the 
systemic arterial circulation. These shunts can either be 
intracardiac (cyanotic heart diseases) or intrapulmonary 
(pneumonia, endobronchial intubation, etc.). Generally, 
a left-to-right shunt does not significantly affect the 
pharmacokinetics of inhalational anesthetics (unlike 
IV medications). In contrast, a right-to-left shunt can 
significantly delay the equilibration of F

A
/F

I
 of inhala-

tional anesthetics. The delay will be proportional to the 
solubility of the anesthetic agent. A less soluble anesthetic 
will be delayed more significantly as compared to a more 
soluble anesthetic. The overall effect of a right-to-left 
shunt is to slow induction of anesthesia or even limit the 
depth of anesthesia that can be achieved with less soluble 
anesthetics.

K E Y FAC T S

• Wash-in is the rate of increase of the partial pressures of 
alveolar to inspired anesthetic (F

A
/F

I
).
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• Six factors affect the wash-in of inhaled anesthetics. 
Three factors influence the delivery of anesthetic to the 
lungs: inspired concentration, alveolar ventilation, and 
functional residual capacity. And three factors influence 
the uptake of anesthetic from the lungs: cardiac output, 
the alveolar to venous partial pressure gradient, and the 
solubility.

• When comparing infant to adult, four factors explain 
the faster wash-in: the greater fraction of the cardiac 
output distributed to the vessel-rich group, the greater 
ratio of alveolar ventilation to functional residual 
capacity, the reduced tissue/blood solubility, and the 
reduced blood/gas solubility.

• The overall effect of a right-to-left shunt is to slow 
induction of anesthesia or even limit the depth of 
anesthesia that can be achieved with less soluble 
anesthetics.

R E F E R E N C E

Coté CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:100.

14. ANSWER: D

Although sevoflurane is the agent of choice for inhaled 
induction in pediatric anesthesia, when used at concentra-
tions greater than a MAC of 1.5, there is a risk of reducing 
the heart rate and causing some respiratory depression. In 
children with congenital heart disease, a decrease in heart 
rate will lead to a reduced cardiac output. Furthermore, 
hypoventilation in this subset of patients will cause hyper-
carbia and hypoxia, which can have severe consequences 
on the PVR. Sevoflurane remains preferable to halothane, 
however, since it causes less depression of myocardial con-
tractility during induction of anesthesia. Sevoflurane does 
nonetheless cause a mild decrease in SVR and has caused 
conduction abnormalities in susceptible patients.

At induction doses, propofol can reduce SVR, blood 
pressure, and cardiac output. Even if it has been used exten-
sively in some children with congenital heart disease, it is 
typically avoided as an induction agent in situations where a 
decreased SVR or blood pressure could cause hemodynamic 
instability. It is especially dangerous in patients with fixed 
cardiac output (such as severe aortic or mitral stenosis) or in 
patients with single-ventricle physiology, where a change in 
Qp:Qs could threaten a stable balanced physiology.

Ketamine increases blood pressure, peripheral vas-
cular resistance, heart rate, and cardiac output through a 
release of endogenous catecholamines as well as via a direct 
central increase in sympathetic outflow. Ketamine exerts 
a direct negative inotropic effect on the denervated heart. 
This makes the use of ketamine a potential poor choice for 

children in whom sympathetic stimulation may already be 
maximal, such as in those with severe cardiomyopathy. It 
is also a poor choice if tachycardia is undesirable, such as 
in a child with aortic stenosis. Ketamine is thought to have 
minimal effect on PVR in children with CHD as long as 
the airway and ventilation are well preserved.

Etomidate is a short-acting anesthetic with little effect 
on systemic blood pressure, heart rate, and cardiac output 
after an induction dose in healthy children. Etomidate 
maintains its benign hemodynamic profile even when used 
in patients with hemodynamic instability or with congeni-
tal heart disease. However, it has a few clinically important 
side effects: myoclonus or status epilepticus, pain on intra-
venous injection, and an increased incidence of nausea and 
vomiting after use. The major concern about etomidate is 
the increased mortality rates reported when it is admin-
istered as a continuous infusion. This grave side effect has 
been attributed to adrenal suppression, which occurs due to 
the inhibition of steroid synthesis typically after a prolonged 
infusion but can also occur after a single dose of etomidate.

K E Y FAC T S

• Although sevoflurane is the agent of choice for inhaled 
induction in pediatric anesthesia, when used at 
concentrations greater than a MAC of 1.5, there is a risk 
of reducing the heart rate and causing some respiratory 
depression.

• At induction doses, propofol can reduce SVR, blood 
pressure, and cardiac output.

• Ketamine increases blood pressure, heart rate, and 
cardiac output through a release of endogenous 
catecholamines.

• Etomidate is a short-acting anesthetic with little effect 
on systemic blood pressure, heart rate, and cardiac 
output after an induction dose in healthy children.

R E F E R E N C E

Chapter 6. Nonbarbiturate intravenous anesthetic drugs. In: Stoelting 
RK, Hillier SC, eds. Pharmacology and Physiology in Anesthetic 
Practice. 4th ed. Philadelphia, PA:  Lippincott, Williams & 
Wilkins; 2005.

15. ANSWER: C

This child is receiving a sodium nitroprusside infusion. 
Adverse effects of sodium nitroprusside infusion include 
cyanide and thiocyanide toxicities, rebound hypertension, 
inhibition of platelet function, and increased intrapulmo-
nary shunting.

Cyanide is a by-product of the metabolism of sodium 
nitroprusside. Because free cyanide radicals may bind 
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inactive tissue cytochrome oxidase and prevent oxidative 
phosphorylation, increased cyanide concentrations may 
precipitate tissue anoxia, anaerobic metabolism, and lactic 
acidosis. Free cyanide will in effect be conjugated with thio-
sulfate by rhodanase in the liver to produce thiocyanate. 
It then will bind to the cytochrome oxidase in the mito-
chondria, preventing ATP production. Mixed venous PO

2
 

and cerebral venous PO
2
 will be increased, indicating the 

paralysis of cytochrome oxidase and the inability of tis-
sues to use oxygen. A metabolic acidosis will develop as a 
reflection of anaerobic metabolism in the tissues. In awake 
patients, CNS toxicity can include changes in mental status 
and seizures.

Cyanide toxicity should be suspected in any patients 
resistant to the hypotensive effects of sodium nitroprus-
side or in any patient previously responsive who becomes 
unresponsive. The mechanism explaining this resistance or 
tachyphylaxis is still poorly understood but could reflect 
cyanide-induced stimulation of cardiac output. Toxicity is 
more likely to occur when more than 10 μg/kg per minute 
is infused, if tachyphylaxis develops within 30 minutes, or 
if there is immediate resistance to the drug.

Children may have less ability to mobilize thiosulfate 
stores despite increasing cyanide concentrations, leading to 
accelerated toxicity. In children who have received sodium 
nitroprusside for more than 24 hours and those with organ 
dysfunction, it may be advisable to measure blood cyanide 
concentrations.

When cyanide toxicity is suspected, sodium nitro-
prusside infusion should be immediately discontinued 
and 100% oxygen administered despite normal oxygen 
saturation. Sodium bicarbonate can be administered to 
correct metabolic acidosis. Sodium thiosulfate 150 mg/
kg should be administered over 15 minutes. Thiosulfate 
acts as a sulfur donor to convert cyanide to thiocyanate. 
If cyanide toxicity is severe, with deteriorating hemody-
namics and metabolic acidosis, the recommended treat-
ment is a slow IV administration of 5 mg/kg of sodium 
nitrate. Sodium nitrate converts hemoglobin to methemo-
globin, which acts as an antidote by converting cyanide to 
cyanomethemoglobin.

K E Y FAC T S

• Adverse effects of sodium nitroprusside infusion 
include cyanide and thiocyanide toxicities, rebound 
hypertension, inhibition of platelet function, and 
increased intrapulmonary shunting.

• Cyanide is a by-product of the metabolism of sodium 
nitroprusside.

• When cyanide toxicity is suspected, sodium 
nitroprusside infusion should be immediately 
discontinued and 100% oxygen administered despite 
normal oxygen saturation.

• If cyanide toxicity is severe, with deteriorating 
hemodynamics and metabolic acidosis, the 
recommended treatment is a slow IV administration of 5 
mg/kg of sodium nitrate.

R E F E R E N C E

Chapter 16. Peripheral vasodilators, nitric oxide, and nitrovasodilators. 
In: Stoelting RK, Hillier SC, eds. Pharmacology and Physiology in 
Anesthetic Practice. 4th ed. Philadelphia, PA: Lippincott, Williams 
& Wilkins; 2005.

16. ANSWER: B

Ventricular septal defects (VSDs) are communication 
between the left and right ventricle. They can be classified 
by their location in the septum. The most common is the 
membranous or perimembranous defects that comprise 
approximatively 80% of all the VSDs. Other types include 
subpulmonary, conoventricular, inlet, or muscular VSD.

A VSD is an example of a simple left-to-right shunt. 
The size of the VSD influences the amount of shunting 
between the two ventricles. A small VSD will restrict the 
blood flow and create a large pressure gradient across the 
defect. This limits the amount of blood able to cross the 
VSD and have limited hemodynamic consequences.

On the other hand, a larger VSD (with an area the size 
of the aortic valve) will have lower pressure gradient across 
the defect. This will enable increasingly more blood to cross 
the VSD as its size increased. As a consequence, the amount 
and direction of the shunting will become dependent and 
be limited mainly by the relative resistance between the 
pulmonary and systemic circulations. Generally, the lower 
PVR as compared to the SVR will result in a left-to-right 
shunt. However, with increased PVR, the direction of 
blood through the defect can be reversed and a right-to-left 
be created. The Qp:Qs is the ratio of total pulmonary to 
total systemic blood flow. A ratio of 1 indicates equal blood 
flow to the pulmonary and systemic circuit. An elevated 
ratio >1 indicates a net left-to-right shunt. A ratio <1 indi-
cates a net right-to-left shunt.

At birth, the relatively elevated PVR will limit the 
amount of shunting through a large VSD and the child 
might have a normal pulmonary blood flow (Qp:Qs = 1). 
As the PVR decreases over time, the pulmonary blood 
flow increases and pulmonary overcirculation may become 
apparent (Qp:Qs > 1). With time, this elevated pul-
monary blood flow will produce the development of 
increased PVR (pulmonary vascular occlusive disease) and 
lead to pulmonary hypertension. As this progresses, the 
shunt will become bidirectional through the VSD and ulti-
mately right-to-left shunt (Eisenmenger’s). For this reason, 
VSD with Qp:Qs of more than 2 are corrected early.
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Clinically, patients with high Qp:Qs will have pul-
monary congestion from increased left atrial volume and 
pressure. The systemic blood pressure is maintained as 
a consequence of large volume load on both the RV and 
LV. Excessive fluid resuscitation in patients with elevated 
Qp:Qs will stress the already volume overload ventricles 
and will have limited impact on systemic blood pressure 
since the blood will recirculate mainly through the right 
ventricle. This may exacerbate the pulmonary congestion 
and decrease pulmonary compliance.

In this example, the increased FiO
2
 has diminished the 

PVR, increasing the Qp:Qs and ultimately diminishing the 
aortic cardiac output. Strategies to increase the PVR (FiO

2
 

of 0.21%, permissive hypercapnia, mild acidosis, peep, 
etc) will help decreasing the Qp:QS and will help support 
the systemic pressure by increasing aortic cardiac output. 
Giving vasopressors will increase the SVR and lead to even 
more left-to-right shunting with little improvement to the 
blood pressure.

K E Y FAC T S

• VSDs are communication between the left and right 
ventricle.

• The most common is the membranous or 
perimembranous defects that comprise approximatively 
80% of all the VSDs. Other types include 
subpulmonary, conoventricular, inlet, or muscular VSD.

• A VSD is an example of a simple left-to-right shunt.
• Patients with high Qp:Qs will have pulmonary 

congestion from increased left atrial volume and 
pressure.

• With time, elevated pulmonary blood flow will produce 
the development of increased PVR (pulmonary vascular 
occlusive disease) and lead to pulmonary hypertension.

R E F E R E N C E

Sommer RJ, Hijazi ZM, Rhodes JF Jr. Pathophysiology of congeni-
tal heart disease in the adult:  part I:  shunt lesions. Circulation. 
2008;117:1090–9.

17. ANSWER: C

Dextro-transposition of the great arteries (d-TGA) is 
a cyanotic congenital heart defect where the aorta (Ao) is 
located anatomically following the right ventricle and the 
pulmonary artery is located following the left ventricle. The 
relation between the right and left atrium and their respec-
tive ventricle is unchanged. The coronaries leave the aortic 
sinuses posteriorly before dividing to perfuse the myocar-
dium. Common associated anomalies include VSD, subpul-
monary stenosis (left ventricular outflow track obstruction), 

bronchopulmonary collateral vessels, and a patent foramen 
ovale or ASD. Around 60%–70% of the patients have an 
intact ventricular septum.

Patients with d-TGA have two parallel circulations 
with recirculation of their respective pulmonary and 
systemic venous blood. Their survival depends on the 
amount of inter circulatory mixing created by one or sev-
eral shunts (PFO, ASD, VSD, PDA, or bronchopulmonary 
collateral vessels). Anatomic right-to-left shunting typically 
occurs through the VSD or through the PDA. Anatomic 
left-to-right shunt occurs through the intra-atrial com-
munication. This provides effective pulmonary and sys-
temic blood flow. Restrictive intra-atrial communication or 
increased pulmonary vascular resistance will decrease the 
amount of mixing.

The dynamics of intercirculatory mixing in D-TGA 
with IVS are complex. The size of the atrial communica-
tion and the cyclic pressure variations between the left 
and right atria determine the amount of anatomic shunt-
ing. The volume and compliance of the atria, ventricles, 
and vascular beds in each circuit, as well as heart rate (HR) 
and phase of respiration, all influence this relationship. 
Shunting is from the RA to the LA during diastole (reduced 
ventricular compliance) and from the LA to the RA in sys-
tole (large volume of recirculated pulmonary blood flow).

The size of the intra-atrial communication and the 
PVR will dictate the direction of shunting across the PDA. 
In patients with low PVR and a nonrestrictive intra-atrial 
communication, shunting is predominantly from the aorta 
to the PA through the PDA (effective pulmonary blood 
flow) and from the LA to RA across the atrial septum 
(effective systemic blood flow). In patients with elevated 
PVR, shunting across the PDA is likely to be bidirectional. 
It is usually associated with corresponding bidirectional 
shunting across the atrial septum. In patients with both ele-
vated PVR and suprasystemic PA pressure, the shunting at 
the level of the PDA will be from the PA to the aorta. This 
physiological phenomenon creates a reverse differential 
cyanosis in which the preductal arterial saturation (right 
arm) is lower than the postductal arterial saturation (lower 
extremities). In these patients, the presence of a restrictive 
atrial communication promotes left atrial hypertension 
and leads to low effective blood flows (poor mixing) and 
hypoxemia. A balloon atrial septostomy can be lifesaving in 
this setting. It will decompress the LA and promote mixing 
at the atrial level. It will also reduce PVR and PA pressure, 
increasing mixing at the level of the PDA. Other causes of 
reverse differential cyanosis to be considered in D-TGA are 
the presence of an interrupted aortic arch or severe aortic 
coarctation.

K E Y FAC T S

• Dextro-transposition of the great arteries (d-TGA) is a 
cyanotic congenital heart defect where the aorta (Ao) 
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is located anatomically following the right ventricle 
and the pulmonary artery is located following the left 
ventricle.

• Patients with d-TGA have two parallel circulations with 
recirculation of their respective pulmonary and systemic 
venous blood.

• The size of the intra-atrial communication and the PVR 
will dictate the direction of shunting across the PDA.

R E F E R E N C E

DiNardo JA. Transposition of the great vessels. In: Lake CL, Booker 
PD, eds. Pediatric Cardiac Anesthesia. 4th ed. Philadelphia, 
PA: Lippincott Williams & Wilkins; 2005:357–80.

18. ANSWER: C

Tricuspid atresia is a single-ventricle physiology lesion. There 
is agenesis of the tricuspid valve and no communication 
between the right atrium and the right ventricle. This leads 
the right ventricle to become hypoplastic during development. 
The classification of tricuspid atresia is based on the presence 
or absence of transposition of the great vessels, the extent of 
pulmonary stenosis or atresia, and the size of the VSD.

Type I—Normally related great arteries
Type II—D-Transposition of the great arteries
Type III—Great artery positional abnormalities other 

than D-transposition of the great arteries
All types are subdivided into the following subgroups:
Subgroup a—Pulmonary atresia
Subgroup b—Pulmonary stenosis or hypoplasia
Subgroup c—No pulmonary stenosis (normal pulmo-

nary arteries)
The patient have an obligatory right-to-left shunt at 

the atrial level (PFO or ASD) with complete mixing of 
systemic and pulmonary venous blood in the LA. When 
the ASD or foramen ovale is restrictive, there will be a large 
right atrial to left atrial pressure gradient. This will result 
in poor decompression of the right atrium and systemic 
venous congestion. Pulmonary blood flow can be provided 
by a downstream shunt from either the VSD to PA, VSD 
to PS, PDA, or multiple aortopulmonary collateral arteries.

The degree of cyanosis is mainly determined by the 
Qp:Qs. Pulmonary blood flow can be restricted, normal, 
or increased. The majority of neonates with tricuspid atre-
sia have ductal-dependent pulmonary blood flow and will 
require surgery to provide definitive pulmonary blood flow. 
The initial palliation includes the creation of a modified 
Blalock-Taussig (BT) shunt (from the subclavian artery 
to the pulmonary artery) and the ligation of the PDA. 
Eventually, with the fall of the pulmonary vascular resis-
tance, the patient will have a bidirectional Glenn (superior 
cavopulmonary connection) usually around 3–6 months of 

age. The final stage of palliation is the Fontan (bicavopul-
monary connection) around 1–2 years of age.

The physiology of a BT shunt leads to a series of physi-
ologic consequences. First, the continuous blood flow 
across the BT shunt throughout the cardiac cycle may 
result in excessive volume load on the single left ventricle. 
Furthermore, the diastolic flow across the shunt results in 
lower aortic diastolic pressure (and a wide pulse pressure), 
resulting in a “steal” of blood flow from the systemic circu-
lation during diastole. This runoff may result in inadequate 
tissue perfusion to all organ systems, but most important to 
the coronary circulation, which is predominately perfused 
in diastole. In summary, patients with Blalock-Taussig 
shunt may not be able to cope with the increased myo-
cardial oxygen consumption of a volume loaded ventricle 
because of limited coronary perfusion due to the diastolic 
runoff, making them more prone to ischemia.

K E Y FAC T S

• Tricuspid atresia is a single-ventricle physiology lesion.
• There is agenesis of the tricuspid valve and no 

communication between the right atrium and the right 
ventricle.

• The patient have an obligatory right-to-left shunt at 
the atrial level (PFO or ASD) with complete mixing of 
systemic and pulmonary venous blood in the LA.

• The degree of cyanosis is mainly determined by 
the Qp:Qs.

• Patients with Blalock-Taussig shunt may not be able to 
cope with the increased myocardial oxygen consumption 
of a volume-loaded ventricle because of limited coronary 
perfusion due to the diastolic runoff, making them more 
prone to ischemia.

R E F E R E N C E

Wyszynski D, Graham T, Correa-Villasenor A, eds. Congenital 
Heart Defects:  From Origin to Treatment. New  York, NY:  Oxford 
University Press; 2010.

19. ANSWER: B

In healthy neonates, during the first few minutes after the 
transition from fetal to extrauterine life, the pulmonary 
vascular resistance decreases dramatically, which results 
in a 50% decrease in the pulmonary artery pressure and a 
nearly 10-fold increase in pulmonary blood flow. Persistent 
pulmonary hypertension of the newborn (PPHN) is a 
life-threatening condition where the pulmonary vascular 
resistance fails to decrease after birth and may even exceed 
the systemic vascular resistance. In this situation, there will 
be a right-to-left shunt at the level of the patent foramen ovale 
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(PFO) or the patent ductus arteriosus (PDA). The affected 
neonates are unable to establish adequate oxygenation and 
may develop multiorgan failure. Most of the cases of PPHN 
are associated with parenchymal lung disease such as meco-
nium aspiration syndrome and respiratory distress syndrome. 
Other causes can include primary PPHN, pneumonia, sepsis, 
genetic defects, and other congenital abnormalities.

Neonates with PPHN require management tailored to 
the degree of hypoxemia and physiologic instability. The 
overall approach should focus on restoring the cardiopul-
monary adaptation and decreasing the pulmonary vascular 
resistance while avoiding lung injury and adverse effects on 
systemic perfusion. Reversal of right-to-left extrapulmo-
nary shunts requires a reduction in pulmonary artery pres-
sure and maintenance of the systemic blood pressure.

Prolonged exposure to 100% oxygen and aggressive ven-
tilation can be avoided by judicious application of newer 
therapies, such as inhaled nitric oxide (iNO), surfactant 
replacement, and inotropic support. The goal should be 
to achieve a PaO

2
 of 70–90 mm Hg. It is important to be 

mindful that a PaO
2
 greater than 100 mm Hg in this popu-

lation could be potentially harmful to the developing lung 
and cerebral perfusion.

The introduction of iNO to cause selective pulmonary 
vasodilation has been the most significant milestone in the 
treatment of PPHN. Based on the efficacy and safety of 
iNO from controlled clinical trials, it is now recommended 
to use iNO before prolonged exposure to a high fraction of 
inspired oxygen or to maximal ventilator support.

The ventilator strategy should target recruitment of 
the atelectatic segments while avoiding overdistention, 
which leads to lung injury and increased resistance to pul-
monary blood flow. High-frequency oscillation may help 
to optimize lung expansion in neonates who have PPHN 
secondary to lung disease. While correction of respiratory 
and metabolic acidosis facilitates pulmonary vasodilation, 
it is no longer advocated to use hypocarbia or metabolic 
alkalosis for long periods since it has been associated with 
decreased cerebral perfusion and neurologic injury.

Dopamine, dobutamine, and epinephrine have been 
widely used in the management of PPHN, primarily to 
optimize cardiac function, stabilize systemic blood pres-
sure, and reduce right-to-left blood shunting. Milrinone is 
also increasingly used to improve oxygenation in neonates 
with persistent pulmonary hypertension who are unrespon-
sive to therapy with iNO.

Although prostaglandin E1 has been used with varying 
success to treat pulmonary hypertension, in this situation, it 
would maintain the PDA, which could potentially exacer-
bate the right-to-left shunt. Hypothermia can increase PVR.

K E Y FAC T S

• During the first few minutes after the transition from 
fetal to extrauterine life, the pulmonary vascular 

resistance decreases dramatically, which results in a 50% 
decrease in the pulmonary artery pressure and a nearly 
10-fold increase in pulmonary blood flow.

• Persistent pulmonary hypertension of the newborn 
(PPHN) is a life-threatening condition where the 
pulmonary vascular resistance fails to decrease after 
birth, and it may even exceed the systemic vascular 
resistance.

• Most of the cases of PPHN are associated with 
parenchymal lung disease such as meconium aspiration 
syndrome and respiratory distress syndrome.

• In PPHN, prolonged exposure to 100% oxygen and 
aggressive ventilation can be avoided by judicious 
application of newer therapies, such as inhaled nitric 
oxide (iNO), surfactant replacement, and inotropic 
support.

R E F E R E N C E

Konduri GG, Kim UO. Advances in the diagnosis and management of 
persistent pulmonary hypertension of the newborn. Pediatr Clin 
North Am. 2009;56:579–600.

20. ANSWER: C

Certain cardiac conditions are predisposed to the devel-
opment of endocarditis from transient bacteremia. The 
American Heart Association guidelines recommend anti-
biotic prophylaxis before dental procedure based mainly 
on patients at greatest risk for an adverse outcome resulting 
from endocarditis. Antibiotics should only be given to 
patients who have the following conditions:

a. An artificial heart valve or who have a heart valve 
repaired with artificial material

b. A history of endocarditis
c. A heart transplant with abnormal heart valve function
d. Certain congenital heart defects including:

•	 Cyanotic	congenital	heart	disease	that	has	not	been	fully	
repaired, including children who have had a surgical 
shunts and conduits

•	 A congenital	heart	defect	that	has	been	completely	
repaired with artificial material or a device for the first 
6 months after the repair procedure

•	 Repaired	congenital	heart	disease	with	residual	defects,	
such as persisting leaks or abnormal flow at or adjacent 
to a prosthetic path or prosthetic device (which inhibits 
endothelialization)

Dental procedures that involve the gingival tissues, the 
teeth, or perforation of the oral mucosa might produce 
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transient bacteremia. Respiratory tract procedures that 
involve incision or biopsy of the mucosa may also pro-
duce bacteremia, and prophylaxis may be warranted for 
children at high risk. In contrast to previous guidelines, 
routine prophylactic administration of antibiotics solely to 
prevent endocarditis is not recommended for those under-
going genitourinary or gastrointestinal tract procedures.

Antibiotic prophylaxis should be administered 30–60 
minutes before the procedure to achieve adequate tissue lev-
els of antibiotics before bacteremia occurs.

K E Y FAC T S

Antibiotics should only be given to patients who have the 
following characteristics:

• An artificial heart valve or who have a heart valve 
repaired with artificial material

• A history of endocarditis
• A heart transplant with abnormal heart valve function
• Certain congenital heart defects (see earlier).

R E F E R E N C E

Wilson W, Taubert KA, Gewitz M, et  al. Prevention of infective 
endocarditis:  guidelines from the American Heart Association. 
A  guideline from the American Heart Association Rheumatic 
Fever, Endocarditis, and Kawasaki Disease Committee, Council on 
Cardiovascular Disease in the Young, and the Council on Clinical 
Cardiology, Council on Cardiovascular Surgery and Anesthesia, 
and the Quality of Care and Outcomes Research Interdisciplinary 
Working Group. Circulation. 2007;116:1736–54.

21. ANSWER: A

Cardiomyopathies are diseases of the myocardium associ-
ated with cardiac dysfunction. The most common types 
encountered in the pediatric population are hypertrophic, 
dilated, and restrictive. Cardiomyopathies can also be 
found in patients with Duchenne muscular dystrophy, 
glycogen storage diseases, mitochondrial disorders, or 
secondary to chemotherapeutic agents.

Hypertrophic obstructive cardiomyopathy (HOCM) 
has a prevalence of approximately 1 in 500 with most 
of the identified genetic abnormalities exhibiting auto-
somal dominant inheritance patterns. The hypertrophy 
initially develops in the septum and extends to the free 
walls. Asymmetric septal hypertrophy leads to a vari-
able pressure gradient between the apical left ventricular 
chamber and the left ventricular outflow tract (LVOT). 
The LVOT obstruction leads to increases in left ventricular 
pressure, which fuels a vicious cycle of further hypertrophy 
and increased LVOT obstruction. It is the most common 
cause of sudden cardiac death (SCD) in athletes. Initially, 

children with HOCM will not necessarily have systemic 
outflow tract obstruction but will be at risk of worsening 
obstruction as the disease progresses.

Presenting symptoms often include a heart murmur, 
syncope, palpitations, or chest pain. The ECG will meet the 
criteria for left ventricular hypertrophy in most children. 
Echocardiography is the primary modality for diagnosing 
and following the evolution of the disease. It will demon-
strate a nondilated left ventricle with possible asymmetric 
hypertrophy.

The management of children with HOCM includes 
maintenance of adequate preload, especially in those 
with dynamic obstruction. β-Blockers and calcium chan-
nel blockers form the basis of medical therapy for HCM. 
β-Blockade is most useful for preventing sympathetically 
mediated increases in the subaortic gradient and for the 
prevention of tachyarrhythmias, which also can exacerbate 
outflow obstruction. The mechanism of action involves 
improvement in diastolic relaxation, allowing an increase 
in LVEDV at a relatively lower LVEDP. The negative 
inotropy may attenuate the subaortic pressure gradient. 
Disopyramide, a sodium channel blocker, also has been 
used to reduce contractility and for its antiarrhythmic 
properties.

Diuretics are not indicated and often worsen the hemo-
dynamic state by reducing left ventricular volume and 
increasing the outflow tract obstruction. Digoxin and 
other inotropic agents and ACE inhibitors are contraindi-
cated in HCM as they worsen the obstruction, though they 
may have a role in the end-stage dilated thin-walled HCM 
hearts with impaired LV function.

K E Y FAC T S

• Cardiomyopathies are diseases of the myocardium 
associated with cardiac dysfunction.

• The most common types encountered in the pediatric 
population are hypertrophic, dilated, and restrictive.

• Cardiomyopathies can also be found in patients with 
Duchenne muscular dystrophy, glycogen storage 
diseases, mitochondrial disorders, or secondary to 
chemotherapeutic agents.

• Presenting symptoms often include a heart murmur, 
syncope, palpitations, or chest pain.

• The management of children with HOCM includes 
maintenance of adequate preload and preventing 
sympathetically mediated increases in the subaortic 
gradient.

R E F E R E N C E S

Kaplan JA, Reich DL, Savino JS, eds. Kaplan’s Cardiac Anesthesia: The 
Echo Era. 6th ed. Philadelphia, PA: Saunders; 2011.

Maron BJ. Hypertrophic cardiomyopathy in childhood. Pediatr Clin N 
Am. 2004;51:1305–46.
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22. ANSWER: C

Cardiac tamponade is an acute type of pericardial effu-
sion that is seen in a variety of clinical situations but most 
often occurs in malignancies with medical patients or after 
cardiac surgery in surgical patients. Tamponade exists when 
fluid in the pericardium accumulates and limits the filling 
of the heart. The speed at which this fluid accumulates 
defines the urgency of the situation more than the overall 
volume contained in the pericardium. Mild tamponade is 
often asymptomatic. Clinical signs such as hypotension, 
jugular venous distention and pulsus paradoxus can present 
as very late findings and may occur shortly before cardiovas-
cular collapse.

Pulsus paradoxus is a decline in systolic blood pres-
sure of more than 12  mm Hg during inspiration caused 
by a reduced left ventricular stroke volume generated by 
increased filling of the right heart during inspiration. It 
is not sensitive or specific for tamponade and may also be 
found in patients with right ventricular infarction, obstruc-
tive pulmonary disease, or chest pain. It may be absent 
if there is left ventricular dysfunction, positive-pressure 
breathing, atrial septal defect, or severe aortic regurgitation.

Dyspnea has been found to be the earliest and most sen-
sitive symptom to indicate tamponade. The classical collec-
tion of medical signs is called Beck’s triad, which includes 
a decreased arterial pressure, an increased venous pressure, 
and a small quiet heart. The ECG may show low-voltage 
QRS complexes, electrical alternans, and T-wave abnormal-
ities. A  central line and a pulmonary artery catheter may 
help in the diagnosis of tamponade by demonstrating a slow 
“y” descent and eventually the equilibration of the right 
atrial pressure, the pulmonary artery diastolic pressure, and 
the pulmonary capillary wedge pressure. Echocardiogram is 
the gold standard for noninvasive diagnosis of tamponade.

The hemodynamic consequences are mainly due to 
atrial rather than ventricular compression, as increased 
atrial and pericardial pressures limit diastolic filling. This 
leads to greatly reduced preload causing lower stroke vol-
ume and cardiac output. Sympathetic reflexes will attempt 
to maintain the cardiac output by increasing contractil-
ity and heart rate. The blood pressure now maintained by 
vasoconstriction will start decreasing as the pericardial 
fluid continues to accumulate, consequently decreasing the 
cardiac output. The venous filling pressures will become 
unable to increase to equal pericardial pressures. This will 
cause the blood pressure to decline precipitously, decreasing 
coronary perfusion and creating ischemia. This resembles 
hypovolemic shock and will initially respond to fluid resus-
citation. This vicious circle will continue to progress until it 
will quickly become fatal if tamponade is not treated.

The treatment of cardiac tamponade is the drainage of 
the pericardial fluid with a pericardiocentesis, insertion of a 
pericardial drain, or with a pericardiotomy. Hemodynamics 
will improve immediately after decompression of the 
pericardium.

Induction of general anesthesia in these patients can 
cause severe hypotension and even cardiac arrest. This is 
precipitated by the sympatholysis, decreased venous return, 
myocardial depression, and the change in heart rate associ-
ated with the induction agents and positive pressure venti-
lation. Spontaneous respiration instead of positive-pressure 
ventilation can support CO more effectively until tampon-
ade is relieved. Correction of metabolic acidosis and volume 
expansion is recommended until more definitive treatment 
is available. Catecholamine infusions or pacing may be used 
to avoid bradycardia and provide supplemental support to 
the cardiac output.

K E Y FAC T S

• Cardiac tamponade is an acute type of pericardial 
effusion that is seen in a variety of clinical situations, 
but it most often occurs in malignancies with medical 
patients or after cardiac surgery in surgical patients.

• Pulsus paradoxus is a decline in systolic blood pressure 
of more than 12 mm Hg during inspiration caused by 
a reduced left ventricular stroke volume generated by 
increased filling of the right heart during inspiration.

• Dyspnea has been found to be the earliest and most 
sensitive symptom to indicate tamponade.

• The treatment of cardiac tamponade is the drainage of 
the pericardial fluid with a pericardiocentesis, insertion 
of a pericardial drain, or with a pericardiotomy.

R E F E R E N C E

Kaplan JA, Reich DL, Savino JS, eds. Kaplan’s Cardiac Anesthesia: The 
Echo Era. 6th ed. Philadelphia, PA: Saunders; 2011.

23. ANSWER: B

In children, primary cardiac tumors are mostly benign 
lesions. Rhabdomyomas and fibromas are the most com-
mon. Malignant tumors constitute only approximately 15% 
of all primary cardiac tumors, most of which are sarcomas 
and lymphomas. As opposed to adults who have atrial myx-
omas as the most common type of intracardiac lesions, chil-
dren and infants have lesions commonly observed in both 
atria and ventricles.

Neurocutaneous syndromes can present with intra-
cardiac lesions. The three most common types of neuro-
cutaneous syndromes are neurofibromatosis, tuberous 
sclerosis complex (TSC), and Sturge-Weber disease. TSC is 
inherited in an autosomal dominant pattern and formerly 
characterized by clinical triad of mental retardation, epi-
lepsy, and facial angiofibromas. However, children with 
TSC may also present with a broad range of clinical symp-
toms because of variable expressivity. Morbidity of TSC is 
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related to organ involvement, most commonly involving 
the brain, skin, eyes, lungs, kidneys, and heart. Overall, the 
most common cause of death in patients with TSC is status 
epilepticus or bronchopneumonia.

Rhabdomyomas occur almost exclusively in children 
and about 80%–90% associated with TSC. These tumors 
usually present in multiple lesions. They are found more 
commonly in the ventricles, although up to 30% are found 
in the atria. These benign tumors develop at about 22–26 
weeks gestation, and they may cause fetal death due to non-
immune hydrops fetalis (abnormal accumulation of fluid in 
two or more fetal compartments). Like other intracardiac 
tumors in children, rhabdomyomas may present with one 
or more of these clinical manifestations:

• Flow obstruction resulting in hypotension, syncope, and 
heart failure

• Direct invasion of the myocardium leading to impaired 
contractility, arrhythmias, heart block, or pericardial 
effusion

• Respiratory manifestation due to compression of the 
adjacent respiratory pathway

• Acute coronary syndrome due to direct compression of 
the coronaries

• Embolization

Most cardiac rhabdomyomas regress spontane-
ously before 6  years of age and therefore conservative 
clinical observation is the main treatment (about 80% 
of cases). Symptomatic cases may require surgical inter-
vention, although at times this may not be possible ana-
tomically. Given the findings from prenatal ultrasound, 
further assessment of intracardiac lesions and/or evalua-
tion from the cardiologist is warranted, as changes under 
general anesthesia may induce hemodynamic instability or 
arrhythmias. Intravenous propofol or inhalational mask 
induction may lead to decreased preload, which may worsen 
outflow obstruction. Additional stress under general anes-
thesia releases catecholamines, which may also worsen 
dynamic outflow tract obstruction and induce arrhythmias. 
Dexmedetomidine should be used cautiously given the 
potential cardiac conduction abnormality in patients with 
intracardiac lesions, as well as the risk of airway obstruc-
tion in newborns undergoing sedation without airway 
protection.

K E Y FAC T S

• In children, primary cardiac tumors are mostly benign 
lesions: rhabdomyomas and fibromas are the most 
common.

• As opposed to adults who have atrial myxomas as the 
most common type of intracardiac lesions, children and 
infants have lesions commonly observed in both atria 
and ventricles.

• Neurocutaneous syndromes can present with 
intracardiac lesions: the three most common types 
of neurocutaneous syndromes are neurofibromatosis, 
tuberous sclerosis complex (TSC), and Sturge-Weber 
disease.

• Most cardiac rhabdomyomas regress spontaneously 
before 6 years of age and therefore conservative clinical 
observation is the main treatment (about 80% of cases).

R E F E R E N C E

Lamba G, Frishman W. Cardiac and pericardial tumors. Cardiol Rev. 
2012;20:237–52.

24. ANSWER: D

Long QT syndrome (LQTS) can be caused by mutations 
involving genes encoding critical ion channels of the heart 
(congenital LQTS) or by metabolic abnormalities or drugs 
(acquired LQTS). The QT interval represents the duration 
of activation and recovery of the ventricular myocardium. 
Dysfunction of cardiac ion channels results in impaired ven-
tricular repolarization and, when amplified by sympathetic 
activity, can lead to early after-depolarization. Furthermore, 
transmural dispersion of repolarization creates a functional 
substrate for reentry circuits. Increased likelihood of early 
after-depolarization and reentry circuits can trigger ventric-
ular arrhythmia characterized as polymorphic ventricular 
tachycardia (torsades de pointes) or ventricular fibrillation.

There are at least 12 genes associated with LQTS that 
have been discovered so far. Within these genes, hundreds 
of mutations have been identified. Romano-Ward syn-
drome occurs in people who inherit only a single generic 
variant from one of their parents. Jervell and Lang-Nielson 
syndrome is a more severe form where children are born 
deaf and have multiple LQTS genetic variants from each 
parent. Multiple medications can lengthen QT interval and 
they are currently updated on http://www.torsades.org.

There are medications and treatments available for 
LQTS. Beta-blockers slow the heart rate and blunt the 
effects of adrenaline during stress or exertion. An implant-
able cardioverter-defibrillator (ICD) device can monitor 
arrhythmic rhythms and deliver electrical shocks to restore 
a normal cardiac rhythm when indicated. Left cardiac 
sympathetic denervation surgery has also helped reduced 
risk of sudden death in people who are considered at high 
risk for sudden death, those who do not tolerate medica-
tions or are resistant to medications, and those who have 
frequent interventions from their ICD device. Lastly, life-
style changes by avoiding environmental stimulants and 
strenuous exercises are also recommended. Recent reviews 
indicate that the majority of patients can be managed safely 
and effectively with medical therapies and trigger avoidance.
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Torsades may be short-lived and self-terminating, lead-
ing to what often is observed as syncope or seizure. Prolonged 
episodes with hemodynamic instability require emergent 
asynchronous defibrillation and cardiopulmonary resusci-
tation (CPR) according to AHA guidelines. Magnesium 
sulfate is the treatment of choice for prevention of recur-
rence even in the presence of normal magnesium level.

Propofol has little or no effect on QT interval. 
Inhalational anesthetics are safe except for halothane 
because it sensitizes the heart to catecholamines. An ideal 
muscle relaxant should avoid histamine release, bradycar-
dia, vagal stimulation, and potassium shifts, and be short 
acting to avoid the need for reversal. Succinylcholine is not 
a good choice because of its autonomic effects and potas-
sium release. Pancuronium leads to tachycardia due to its 
vagolytic properties and therefore should also be avoided. 
Vecuronium and atracurium have been found to be safe. 
Neuromuscular reversal agents should be avoided if possible 
due to the effects of tachycardia and bradycardia. Narcotics 
should be safe except for methadone at very high mainte-
nance doses as it can prolong QT interval. The antiemetic 
agents droperidol and ondansetron are generally avoided. 
Regional anesthesia should be safe and beneficial.

During the perioperative setting, sympathetic stimula-
tion should be avoided. Premedication should be provided 
to blunt the sympathetic system response due to anxiety 
and stress. However, premedication with ketamine may lead 
to sympathetic stimulation and it is generally avoided. IV 
placement for a child while awake may lead to significant 
stress-induced arrhythmias. The outpatient setting should be 
avoided due to the complexity of the case and potential CPR 
management. Temperature should remain approximately 
37°C because hypothermia could lengthen the QT interval 
due to the prolonged recovery of inactivated sodium channel.

K E Y FAC T S

• LQTS can be caused by mutations involving genes 
encoding critical ion channels of the heart (congenital 
LQTS) or by metabolic abnormalities or drugs 
(acquired LQTS).

• Medications and treatments for LQTS include 
beta-blockers, implantable cardioverter-defibrillator 
devices, left cardiac sympathetic denervation, and 
lifestyle changes.

• Torsades may be short-lived and self-terminating, 
leading to what often is observed as syncope or seizure.

• Inhalational anesthetics are safe except for halothane 
because it sensitizes the heart to catecholamines.

R E F E R E N C E S

Berul C. Congenital long-QT syndrome: who’s at risk for sudden car-
diac death? Circulation. 2008;1/17:2178–80.

Klies SJ, Pabelick CM, Hurley HA, White RD, Ackerman MJ. 
Anesthesia for patients with congenital long QT syndrome. 
Anesthesiology. 2005;102(1):204–10.

25. ANSWER: A

This patient shows evidence of right ventricular (RV) dys-
function either related to ischemic injury and/or elevated 
PVR. Therefore, it is essential to optimize RV output by 
providing inotropic support (e.g., epinephrine, dobuta-
mine, milrinone, dopamine), maintaining appropriate fill-
ing pressures, and avoiding high CVP or RV overload. In 
addition, it is essential to maintain adequate amnesia and 
analgesia to prevent catecholamine release, effective oxy-
genation and ventilation (avoiding significant hypocar-
bia, lung overdistension, or high PEEP), normal pH, and 
normothermia, as well as pulmonary vasodilator therapy 
(inhaled nitric oxide). If cardiac output remains inadequate 
despite maximal drug therapy, mechanical ventricular assist 
device or extracorporeal membrane oxygenation (ECMO) 
may be necessary.

The donor heart is subjected to ischemia-reperfusion 
injury. Right ventricular dysfunction or failure is the 
most common etiology for failure to wean from CPB, 
especially in the presence of pulmonary hypertension. 
Patients with end-stage cardiomyopathy present with 
significant degrees of both systolic and diastolic dysfunc-
tion. Increased left ventricular end-diastolic pressure leads 
to elevated left atrial and pulmonary pressures. Elevated 
pulmonary vascular resistance (calculated PVR above 5 
Wood units during catherization, especially unrespon-
sive to oxygen and nitric oxide) or a high transpulmonary 
gradient >12 mm Hg (the difference between mean pul-
monary arterial pressure and left atrial pressure) remains 
as one of the few absolute contraindications for cardiac 
transplantation.

Left ventricular dysfunction may present as diastolic 
dysfunction. This is characterized by restrictive ventricu-
lar filling pressure. Echocardiogram and left atrial pressure 
monitoring are important for assessment, as well as man-
agement of preload, afterload, and inotropy.

The transplanted heart is functionally denervated 
and the donor atrium is the source for the recipient’s heart 
rate. Due to absent vagal tone, resting heart rate averages 
90 to 110 bpm. The baroreceptor reflex is also disrupted 
and therefore heart rate and cardiac output responds less 
reactively to systemic catecholamines. Agents such as epi-
nephrine and isoproterenol remain effective inotropes and 
chronotropes due to their direct effects on donor heart 
alpha- and beta-adrenergic receptors. Epicardial pacing 
could be attainable for this patient, although stroke volume 
would likely be the determining factor for low cardiac out-
put in this patient.
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K E Y FAC T S

• Optimize RV output by providing inotropic support 
(e.g., epinephrine, dobutamine, milrinone, dopamine), 
appropriate filling pressures, and avoiding high CVP or 
RV overload.

• Right ventricular dysfunction or failure is the most 
common etiology for failure to wean from CPB, 
especially in the presence of pulmonary hypertension.

• Left ventricular dysfunction may present as diastolic 
dysfunction.

• The transplanted heart is functionally denervated, 
and the donor atrium is the source for the recipient’s 
heart rate.

R E F E R E N C E S

Andropoulos D, Stayer SA, Russell IA, Mossad EB, eds. Anesthesia for 
Congenital Heart Disease. 2nd ed. Chichester, UK: Wiley-Blackwell; 
2010:385–403.

Ramakrishma H, Jaroszewski DE, Arabia FA. Adult cardiac trans-
plantation: a review of perioperative management Part-I. Ann Card 
Anaesth. 2009;12(1):71–8.

26. ANSWER: A

Traditional Tetralogy of Fallot (TOF) is more accu-
rately described as TOF with pulmonary stenosis (TOF/
PS), which is different than TOF with pulmonary atresia 
(TOF/PA) or TOF with absent pulmonary valve (TOF/
APV). In general, TOF is characterized by pulmonic steno-
sis (infundibular or subvalvular, valvular, suprvalvular, or 
a combination), VSD, right ventricle hypertrophy (RVH), 
and overriding of the aorta. RVH is a result of pressure load 
on the RV.

In patients with TOF, pulmonary blood flow directly 
influences arterial oxygen saturation. Traditional TOF/PS 
patient has a fixed and dynamic RV outflow tract obstruc-
tion causing right-to-left shunt and cyanosis. The dynamic 
component is attributed to the hypertrophied infundibu-
lum and muscle bundle fibers in the RVOT. “Pink” Tets 
refers to TOF patients who have minimal obstruction 
to pulmonary blood flow or even left-to-right shunt lead-
ing to normal saturation. These patients may present with 
increased pulmonary blood flow and congestive heart 
failure.

A “Tet spell” is a hypercyanotic episode due to infun-
dibular spasm leading to an acute decrease in pulmonary 
blood flow (PBF) and right-to-left shunt. It can be initi-
ated spontaneously, but it is usually in response to agita-
tion or increased sympathetic tone that results in increased 
cardiac contractility leading to infundibular spasm and 
RVOT obstruction. Spells can also be induced during 
anesthesia with sudden decrease in SVR or during surgical 

manipulation prior coming onto CPB. Children classically 
adopt a squatting posture during a spell to alleviate symp-
toms. This position increases venous return and RV filling, 
which reduces RVOT obstruction. Furthermore, squatting 
increases systemic vascular resistance (SVR), which pre-
vents worsening of right-to-left shunt. Alternatively, deep 
anesthesia reduces cardiac contractility while volume and 
direct alpha-agonist (phenylephrine) can be used to treat a 
spell during perianesthetic setting.

TOF/PA is characterized by hypoplasia of the central 
and peripheral pulmonary arteries. The main pulmonary 
artery (MPA) may be absent or the branch PAs may be 
nonconfluent or stenotic. Pulmonary blood supply is usu-
ally via PDA or multiple aortopulmonary collateral arteries 
(MAPCAs). Duct-dependent TOF/PA requires prostaglan-
din (PGE1) infusion short after birth. MAPCA-dependent 
TOF/PA may not show obvious signs or symptoms at birth. 
However, cyanosis may be present with progression of ste-
noses within the collateral vessels themselves. Others may 
show signs of congestive heart failure (CHF) over weeks 
and months of life due to progressive increase in PBF sec-
ondary to decreased PVR. Surgical management is based on 
clinical and anatomic considerations with determinant fac-
tors based on the patient’s arterial oxygen saturation, types 
of collaterals, and anatomy of the pulmonary arteries.

TOF/APV is characterized by either rudimentary ridges 
or the complete absence of pulmonic valve tissue, which in 
utero leads to increased pulsatile pulmonary blood flow, 
producing significantly enlarged main and branch PAs. In 
addition to compression of the larger bronchi, intrapulmo-
nary bronchi are also involved, as well as reduction of the 
number of alveoli. This may explain why surgical relief of 
the larger airway compression alone is not always effective 
in reversing the severe obstructive respiratory disease. This 
condition has an extremely wide spectrum of severity. Mild 
cases with minimal respiratory pathologies present with 
clinical symptoms and management similar to TOF/PS. 
At the severe end of the spectrum, patients with TOF/APV 
often present with features of extensive airway compres-
sion and tracheobronchomalacia. Hypoxemia is the result 
of both intrapulmonary (ventilation-perfusion mismatch) 
and intracardiac pathology (right-to-left shunt across VSD, 
although small without the presence of significant RV out-
flow tract obstruction). Respiratory support with prone 
position may be indicated, but there are no effective non-
surgical interventions available to treat patients with severe 
symptoms. As a result, surgery is indicated soon after birth 
for patients with significant symptoms by using homograft 
pulmonary valve to replace the central pulmonary arteries, 
as well as VSD closure with infundibular muscle bundle 
division as indicated. The main challenge coming off CBP 
will be management of ventilation due to persistence of tra-
cheobronchomalacia and distal small airway obstruction.

This patient has respiratory failure secondary to signifi-
cant dilation of the pulmonary arteries and likely associated 
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tracheobronchomalacia. Respiratory failure will likely 
persist into the postoperative period, which is often more 
significant than cardiac complications. Hypoxemia and 
respiratory failure are due to intrapulmonary and intracar-
diac pathology, not pulmonary edema.

K E Y FAC T S

• Traditional Tetralogy of Fallot (TOF) is more accurately 
described as TOF with pulmonary stenosis (TOF/PS), 
which is different than TOF with pulmonary atresia 
(TOF/PA) or TOF with absent pulmonary valve (TOF/
APV).

• In patients with TOF, pulmonary blood flow directly 
influences arterial oxygen saturation.

• A “Tet spell” is a hypercyanotic episode due to 
infundibular spasm leading to an acute decrease in 
pulmonary blood flow (PBF) and right-to-left shunt.

• TOF/PA is characterized by hypoplasia of the central 
and peripheral pulmonary arteries.

• TOF/APV is characterized by either rudimentary ridges 
or the complete absence of pulmonic valve tissue.

R E F E R E N C E

Jonas R, ed. Comprehensive Surgical Management of Congenital Heart 
Disease. Philadelphia, PA: CRC Press; 2004:293–8, 440–56.

27. ANSWER: C

This patient should remain on room air to avoid increased 
PBF with oxygen supplement. It is prudent to avoid aggressive 
fluid administration or blood transfusion prior to bypass due 
to an already volume-overloaded RV. Goals are to keep PVR 
relatively elevated by avoiding oxygen supplement, hyperven-
tilation, and hypocapnia. Cardiac output should be main-
tained to provide adequate systemic and coronary perfusion.

HLHS refers to the underdevelopment of left heart 
structures. Generally there are four subtypes based on the 
morphology of the left heart valves: aortic and mitral stenosis, 
aortic and mitral atresia, aortic atresia and mitral stenosis, and 
aortic stenosis and mitral atresia. The aorta varies in length, 
diameter, and degree of hypoplasia depending on subtypes. 
Aortic atresia tends to be associated with more severe degree 
of ascending aortic hypoplasia than does aortic stenosis.
In HLHS, systemic and pulmonary blood returns mix in 
the right atrium through atrial shunting at the level of the 
foramen ovale or ASD. The right ventricle supports both 
systemic and pulmonary circulation in a parallel fashion as 
the main pulmonary artery delivers blood to the pulmonary 
arteries as well as to the aorta via the ductus arteriosus (PDA). 
In the presence of limited or no antegrade blood flow to the 
ascending aorta, the upper body and coronary perfusions 

unreliably depend on retrograde blood supply through the 
PDA to the transverse and ascending aorta. This is in addi-
tion to the presence of decreased oxygen-carrying capac-
ity due to total mixing of the blood supply and an already 
volume-overloaded RV. Blood flow to the lower body is ante-
grade from the PDA via the descending aorta. Thus, PDA 
narrowing or closure results in inadequate systemic and coro-
nary perfusion, leading to ischemia, acidemia, and ultimately 
death. PGE1 is vital to keeping the ductus arteriosus patent.

The key for anesthetic management of HLHS is to 
determine and control the balance between pulmonary 
blood flow (Qp) and systemic blood flow (Qs), otherwise 
known as the Qp:Qs ratio. Typically a patient with HLHS 
presents clinically with inadequate systemic output and 
excessive pulmonary blood flow, as shown in this patient 
with associated signs of hypotension, relatively high systemic 
saturation, diminished UOP, and prominent tachypnea.

The surgical goals of first-stage reconstruction for 
HLHS are similar to other palliative procedures in prepara-
tion for an ultimate Fontan operation. Ventricular function 
must be protected by avoiding excessive volume load (i.e., 
large shunt with high pulmonary blood flow) or pressure 
load (i.e., RV outflow obstruction due to high aortic arch 
gradient). In addition, PVR must be minimized by prevent-
ing pulmonary venous obstruction (restrictive ASD) or 
excessive pulmonary blood flow. Lastly, optimal pulmonary 
artery growth must be achieved by maintaining adequate 
size and freedom from distortion.

K E Y FAC T S

• HLHS refers to the underdevelopment of left heart 
structures.

• In HLHS, systemic and pulmonary blood returns mix 
in the right atrium through atrial shunting at the level of 
the foramen ovale or ASD.

• The key for anesthetic management of HLHS is to 
determine and control the balance between pulmonary 
blood flow (Qp) and systemic blood flow (Qs), otherwise 
known as the Qp:Qs ratio.

R E F E R E N C E

Jonas R, ed. Comprehensive Surgical Management of Congenital Heart 
Disease. Philadelphia, PA: CRC Press; 2004:341–56.

28. ANSWER: B

It is essential to distinguish systemic hypoxemia in 
patients with single-ventricle physiology and determine 
whether it is due to low cardiac output, low mixed venous 
oxygen saturation, low pulmonary venous saturation, or 
low Qp:Qs ratio.
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The depressed myocardial performance needs sup-
port in order to provide adequate systemic and pulmonary 
perfusion. Aortic arch reconstruction, AV valve dysfunc-
tion, semilunar valve obstruction, and regurgitation should 
be evaluated for by echocardiography. It is essential to 
maintain adequate cardiac output and to prevent the right 
ventricle volume and pressure overload. It is best to avoid 
acidosis and electrolyte disturbances, which would worsen 
cardiac function. With normal HCO

3
 and arterial pH, giv-

ing sodium bicarbonate is not indicated.
Low mixed venous saturation should benefit from 

adequate hematocrit and cardiac output. This patient 
appears to have adequate pulmonary and systemic driving 
pressures and therefore escalating inotropic support is not 
recommended. Hct above 40% alleviates excessive demands 
placed upon the recovering single-ventricle heart to increase 
systemic output. Thus, the most appropriate intervention is 
to transfuse to provide adequate oxygen-carrying capacity.

Low pulmonary venous saturation would be difficult 
to assess intraoperatively, but aggressive ventilatory support 
to reduce atelectasis and promote O

2
 exchange is indicated. 

This includes ETT suctioning, adequate PEEP, and suffi-
cient minute ventilation. Excessive hyperventilation is not 
recommended since it may compromise brain perfusion.

Low Qp:Qs can be related to mechanical obstruction 
or volatile PVR. There are three categories to consider: tech-
nical issues, pulmonary vasodilation, and systemic vasocon-
striction. Relieve obstruction or replace with larger shunt. 
Reduce PVR by increasing O

2
, moderate hyperventilation, 

normothermia, alkali, and nitric oxide. These potential 
causes should be further investigated if hypoxemia does not 
improve with transfusion.

K E Y FAC T S

• It is essential to distinguish systemic hypoxemia in 
patients with single-ventricle physiology and determine 
whether it is due to low cardiac output, low mixed 
venous oxygen saturation, low pulmonary venous 
saturation, or low Qp:Qs ratio.

• Low mixed venous saturation should benefit from 
adequate hematocrit and cardiac output.

• Low pulmonary venous saturation would be difficult 
to assess intraoperatively, but aggressive ventilatory 
support to reduce atelectasis and promote O

2
 exchange is 

indicated.
• Low Qp:Qs can be related to mechanical obstruction or 

volatile PVR.

R E F E R E N C E

Andropoulos D, Stayer SA, Russell IA, Mossad EB, eds. Anesthesia for 
Congenital Heart Disease. 2nd ed. Chichester, UK: Wiley-Blackwell; 
2010:356–72.

29. ANSWER: B

If the patient comes off CPB with evidence of sustained 
hypotension, ECG changes, high filling pressures, and 
ventricular distension, reinstitution of CPB should begin 
early enough to prevent worsening subendocardial isch-
emia and permanent injury to the heart. CPB allows the 
heart to reperfuse during lower energy consumption state. 
Once on bypass, causes of poor cardiac function should be 
investigated. These include heart rate and rhythm, cardiac 
ischemia, single versus biventricular failure, pulmonary 
hypertension, residual surgical defects, valvular function, 
and presence of uncontrolled bleeding.

Williams syndrome (WS) is a congenital elastin dis-
order involving the vascular system, connective tissue, and 
central nervous system. Cardiovascular defects are the 
most common cause of death in patients with WS. Patients 
with WS lack the elasticity of the arterial tree provided 
by normal elastin leading to arterial stiffness. In addition, 
occlusion of the arterial lumen also occurs due to abnormal 
proliferation of vascular smooth muscle cells due to the lack 
of regulation otherwise provided by normal elastin.

Supravalvular aortic stenosis and pulmonary arterial 
stenosis are the most common cardiovascular findings 
in patients with WS. Coronary artery abnormalities are 
also common and may manifest as ostial stenosis, diffuse 
stenosis, arterial dilatation, or obstruction of coronary 
blood flow. Mitral and aortic valves may be involved, but 
this is uncommon. The tricuspid valve is rarely involved. 
The risk of sudden death in WS patients is estimated to be 
25–100 times higher than normal population, with a large 
number of cardiovascular collapses and deaths occurring in 
the periprocedural and perioperative settings. The reason 
for increased risk of sudden death is not completely under-
stood. However, it is believed that patients with both RV 
and LV outflow tract obstruction and/or coronary artery 
involvement have higher morbidity and mortality. Recent 
findings show that long QTc may also be a significant fac-
tor since deaths have been reported in WS patients without 
evidence of other cardiovascular involvement.

Appropriate anesthetic management for patients 
with WS is essential to avoid devastating complications 
from compromised coronary perfusion as well as elevated 
cardiac wall stress. Succinylcholine should be avoided 
because it may cause a hyperkalemic response. Anesthetic 
strategies that may lead to negative inotropic effect and 
decreased SVR should be used cautiously. It is also impor-
tant to maintain appropriate preload and avoid extreme vol-
ume shifts. Heart rate and rhythm should be maintained 
appropriately. Last but not least, hypotension should be 
treated aggressively.

Patients with bilateral supravalvular stenoses are at 
high risk for complications after CPB due to thickened 
ventricles that may not be well protected during CPB. In 
addition, the potential presence of coronary abnormalities 
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may lead to cardiac ischemia. Giving epinephrine IV in the 
presence of escalating inotropic support will not solve the 
problem. Volume bolus in the presence of failing ventricles 
may worsen wall tension and ischemia. Nitric oxide may be 
started if there is pulmonary hypertension and RV failure, 
but this intervention will take time, which would delay nec-
essary intervention by coming back onto bypass to protect 
the heart.

K E Y FAC T S

• Williams syndrome (WS) is a congenital elastin disorder 
involving the vascular system, connective tissue, and 
central nervous system.

• Cardiovascular defects are the most common cause of 
death in patients with WS.

• Supravalvular aortic stenosis and pulmonary arterial 
stenosis are the most common cardiovascular findings in 
patients with WS.

• Patients with bilateral supravalvular stenoses are at 
high risk for complications after CPB due to thicken 
ventricles that may not be well protected during CPB.

R E F E R E N C E

Collin R. Cardiovascular disease in Williams syndrome. Circulation. 
2013;127:2125–34.

30. ANSWER: C

Profound, deep, moderate, and mild hypothermia 
are defined as less than or equal to 14°C, 14.1°C–20°C, 
20.1°C–28°C, and 28.1°C–34°C, respectively.

The safe period of DHCA varies depending on multiple 
factors:  infants versus adults, defined primary acceptable 
outcome, comorbidities (cerebrovascular disease, renal), 
and DHCA technique (pH and hematocrit management). 
In children, DHCA period longer than 60 minutes has 
shown increased likelihood of adverse neurodevelop-
mental outcomes. In adults, DHCA intervals have been 
kept less than 30–40 minutes.

Hypothermia reduces cerebral metabolic rate of oxygen 
consumption (CMRO

2
) and the development of intracellu-

lar acidosis. In addition to reducing CMRO
2
 consumption, 

hypothermia also reduces release of excitatory neurotrans-
mitters that accompany cerebral ischemia and subsequent 
reperfusion.

Hemodilution is believed to be essential during DHCA 
because of increased viscosity through microcirculatory flow 
related to hypothermia. However, a hematocrit of 30% is 
more accepted now during DHCA due to improved cardiac 
output postoperatively and better neurological outcome. In 
children, pH stat management is believed to offer several 

advantages over alpha stat management: better suppres-
sion of cerebral metabolic rate for oxygen, faster and more 
homogenous cooling due to the effect of decreased cerebral 
vascular resistance and increased cerebral blood flow, limit-
ing leftward shift of the oxygen-Hb dissociation curve, lim-
iting aortopulmomonary collateral steal, and better cerebral 
oxygenation. Hyperthermia has a potent negative effect in 
exacerbating neurological injury after circulatory arrest and 
should be avoided. Giving calcium above necessity is not a 
proven approach for brain protection.

K E Y FAC T S

• Profound, deep, moderate, and mild hypothermia are 
defined as less than or equal to 14°C, 14.1°C–20°C, 
20.1°C–28°C, and 28.1°C–34°C, respectively.

• Hypothermia reduces cerebral metabolic rate of oxygen 
consumption (CMRO

2
) and the development of 

intracellular acidosis.
• In children, a DHCA period longer than 60 

minutes has shown increased likelihood of adverse 
neurodevelopmental outcomes.

• In addition to reducing CMRO
2
 consumption, 

hypothermia also reduces release of excitatory 
neurotransmitters that accompany cerebral ischemia and 
subsequent reperfusion.

• Hemodilution is believed to be essential during DHCA 
because of increased viscosity through microcirculatory 
flow related to hypothermia.

R E F E R E N C E S

DiNardo J, Zvara D, eds. Anesthesia for Cardiac Surgery. 3rd ed. Oxford, 
UK: Blackwell Publishing; 2008:425–9.

Jonas R, ed. Comprehensive Surgical Management of Congenital Heart 
Disease. Philadelphia, PA: CRC Press; 2004:161–74.

31. ANSWER: D

The first position refers to the chamber(s) paced, the sec-
ond to the chamber(s) sensed, the third to the pacemaker’s 
response to sensing, and the fourth to programmability 
and rate modulation. The fifth position is restricted to anti-
tachycardia function and is used infrequently.

Both single- and double-chamber pacemakers are 
available for permanent pacing in children. Single-chamber 
pacemakers carry electrical impulses from the pulse gen-
erator to either the right atrium or right ventricle of the 
heart. The modes frequently used in single-chamber 
pacemaker are AAI or AAIR, or VVI or VVIR, depend-
ing on whether there is presence of atrial or ventricular 
lead. Dual-chamber pacemakers carry electrical impulses 
from the pulse generator to both the right ventricle and 
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the right atrium, allowing timed contractions between 
the two chambers. Typical modes are DDD or DDDR. 
Biventricular pacemakers are a treatment option for people 
with heart failure. Unlike a regular pacemaker, a biven-
tricular pacemaker stimulates both the right and left 
ventricles, which allows the heart to pump blood more 
effectively. Because this treatment resets the ventricles’ 
pumping mechanism, it is also referred to as cardiac resyn-
chronization therapy (CRT).

In general, indications for permanent pacemakers 
are sinus node disease, AV node disease, long QT syn-
drome, hypertrophic obstructive cardiomyopathy, and 
dilated cardiomyopathy. For more detailed recommenda-
tions, please review ACC/AHA/HRS 2008 Guidelines 

for Device-Based Therapy of Cardiac Rhythm 
Abnormalities (Circulation. 2008;117:e350-e408).

Single-chamber ventricular pacemaker is used when 
maintenance of AV synchrony during pacing is not neces-
sary or in patients with chronic atrial fibrillation or other 
atrial tachyarrhythmias.

In situations where the SA node rate is slow and AV 
node conduction is intact, atrial pacing (AOO/AAI) should 
be provided since activation of ventricular contraction via 
the native conduction system provides optimal ventricular 
synchrony.

With normal SA node function but with a very pro-
longed AV interval or AV node block, AV universal pacing 
(DDD) is recommended. VOO is not recommended in the 

Table 5 .3 NOMENCLATUR E ESTABLISHED BY THE NORTH AMERICAN SOCIETY 

OF PACING (NASPE) AND ELECTROPHYSIOLOGY AND THE BRITISH PACING  

AND ELECTROPHYSIOLOGY GROUP (BPEG)

POSITION I POSITION II POSITION III POSITION IV POSITION V

Chamber(s) paced Chamber(s) sensed Response to sensing Programmability Multisite pacing

o, none o, none o, none o, none o, none

a, atrium a, atrium I, inhibited r, rate modulation a, atrium

v, ventricle v, ventricle t, triggered v, ventricle

d, dual (a+v) d, dual (a+v) d, dual (I+t) d, dual (a+v)

Table 5 .4 ANSWER OF PACEMAKER GENER ATOR IN SELECTED INDICATIONS FOR PACING

PACEM AK ER 

GENER ATOR

SINUS NODE DYSFUNCTION ATR IOVENTR ICULAR BLOCK NEUR ALLY MEDIATED 

SYNCOPE OR CAROTID 

SINUS HYPERSENSITIVITY

Single-chamber atrial 
pacemaker

No suspected abnormality of 
atrioventricular conduction and 
not at increased risk for future 
trioventricular block

Maintenance of atrioventricular synchrony 
during pacing desired

Not appropriate Not appropriate

Single-chamber 
ventricular pacemaker

Maintenance of atrioventricular 
synchrony during packing not  
necessary

Rate response available if desired

Chronic atrial fibrillation or 
other atrial tachyarrhythmia 
or maintenance of 
atrioventricular synchrony 
during pacing not necessary

Rate response available if desired

Chronic atrial fibrillation 
or other atrial 
tachyarrhythmia

Rate response available  
if desired

Dual-chamber pacemaker Atrioventricular synchrony during 
pacing desired

Suspected abnormality of atrioventricular 
conduction or increased risk for future 
atrioventricular block

Rate response available if desired

Atrioventricular synchrony 
during pacing desired

Atrial pacing desired
Rate response available  

if desired

Sinus mechanism present
Rate response available i  

f desired

single-lead, atrial-sensing 
ventricular pacemaker

Not appropriate Desire to limit the number of 
pacemaker leads

Not appropriate

SOURCE: From Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and Children. 4 ed. Philadelphia, PA: Saunders; 2009.
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presence of intact SA node because it would not preserve 
optimal AV synchrony.

When both SA and AV node dysfunction coexist, AV 
sequential pacing (DDD) will be necessary to allow AV 
synchrony.

This patient has functional SA node with AV block. 
Therefore, DDD is the preferred pacing method for a per-
manent pacemaker.

K E Y FAC T S

• The first position refers to the chamber(s) paced, the 
second to the chamber(s) sensed, the third to the 
pacemaker’s response to sensing, and the fourth to 
programmability and rate modulation. The fifth position 
is restricted to antitachycardia function and is used 
infrequently.

• Both single- and double-chamber pacemakers are 
available for permanent pacing in children.

• Single-chamber pacemakers carry electrical impulses 
from the pulse generator to either the right atrium or 
right ventricle of the heart.

• Unlike a regular pacemaker, a biventricular pacemaker 
stimulates both the right and left ventricles, which 
allows the heart to pump blood more effectively.

• In general, indications for permanent pacemakers are 
sinus node disease, AV node disease, long QT syndrome, 
hypertrophic obstructive cardiomyopathy, and dilated 
cardiomyopathy.

R E F E R E N C E S

Epstein AE, DiMarco JP, Ellenbogen KA, et  al. ACC/AHA/HRS 
2008 Guidelines for Device-Based Therapy of Cardiac Rhythm 
Abnormalities. Circulation. 2008;117:e350–e408.

Rozner M. The patient with a cardiac pacemaker or implanted defibril-
lator and management during anaesthesia. Curr Opin Anaesthesiol. 
2007;20:261–8.

32. ANSWER: D

Critical neonatal aortic valve stenosis is a high-risk 
CHD. It is defined as pressure gradient across the aortic 
valve of more than 70 mm Hg or aortic valve area of 0.6 cm2 
or less. Patients with this condition have poorly defined 
leaflets that are almost always associated with some degree 
of underdevelopment of other left-sided structures.

The main implication of critical AS is the increased 
impedance to LV ejection and produces intraventricular 
pressure that exceeds aortic systolic pressure. Laplace’s law 
describes the LV wall stress as:

LV wall stress  Pr 2h= /

where P  =  peak intraventricular pressure, r  =  ventricu-
lar radius, and h  =  LV wall thickness. LV wall stress is 
proportional to intraventricular pressure and ventricu-
lar radius, and it is inversely related to ventricular wall 
thickness.

In an effort to maintain normal LV wall stress and 
to preserve cardiac output across the stenotic valve, the 
ventricular wall thickness will increase in response to 
the suprasystemic intraventricular pressure. However, 
there are consequences to this compensation. LV concen-
tric hypertrophy places the subendocardium at risk for 
ischemia because of elevated LV end-diastolic pressure as 
well as compression of subendocardial vessels by thicken 
myocardium.

In the presence of limited antegrade blood flow across 
the fixed stenotic aortic valve to the ascending aorta, the 
upper body and coronary perfusions depend on retrograde 
blood supply through the PDA to the transverse and ascend-
ing aorta. Blood flow to the lower body is antegrade from 
the PDA via the descending aorta. Thus, PDA narrowing or 
closure results in inadequate systemic and coronary perfu-
sion, leading to ischemia, acidemia, and ultimately death. 
PGE1 is vital to keep the ductus arteriosus patent. Induction 
with propofol and fentanyl may lead to some degree of car-
diac suppression and lower SVR, which can compromise 
coronary perfusion and cardiac output. Conscious sedation 
would not be recommended due to the inability of neonates 
to maintain spontaneous ventilation. Furthermore, consid-
ering the high-risk nature of the case, total airway control 
is essential to provide adequate ventilation during the pro-
cedure or while handling potential crises. Finally, inotropic 
support during the procedure would be beneficial to support 
cardiac contractility, especially during direct balloon dila-
tion valvuloplasty when there is total obstruction of cardiac 
output and occlusion of coronary perfusion.

K E Y FAC T S

• Critical neonatal aortic valve stenosis is a high-risk 
CHD and is defined as pressure gradient across the 
aortic valve of more than 70 mm Hg or aortic valve area 
of 0.6 cm2 or less.

• The main implication of critical AS is the increased 
impedance to LV ejection that produces intraventricular 
pressure that exceeds aortic systolic pressure.

• In an effort to maintain normal LV wall stress and to 
preserve cardiac output across the stenotic valve, the 
ventricular wall thickness will increase in response to 
the suprasystemic intraventricular pressure.

• In the presence of limited antegrade blood flow across 
the fixed stenotic aortic valve to the ascending aorta, 
the upper body and coronary perfusions depend on 
retrograde blood supply through the PDA to the 
transverse and ascending aorta.
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R E F E R E N C E

Jonas R, ed. Comprehensive Surgical Management of Congenital Heart 
Disease. Philadelphia, PA: CRC Press; 2004:320–9.

33. ANSWER: B

Adult patients with CHD, who require noncardiac sur-
gery, can be divided into three groups: those who have had 
complete anatomic repair of their cardiac defect, those who 
have undergone previous palliative surgery, and those who 
have never been operated on. The main objectives for 
these patients can be simplified by optimizing cardiac out-
put, maintaining balanced pulmonary and systemic blood 
flows, and providing an optimal oxygen delivery with ade-
quate hematocrit level.

The Fontan procedure (or total cavopulmonary 
connection) is generally performed in staged patients at 
2–3  years of age. Fontan completion is indicated because 
patients with hemi-Fontan (bidirectional cavopulmonary 
shunt or Glenn) are subjected to paradoxical emboli return-
ing via the IVC, worsening hypoxemia due to increased oxy-
gen demand with age, and the development of pulmonary 
arteriovenous malformation due to the diversion of the IVC 
blood away from the pulmonary circulation. The Glenn 
procedure (performed around the age of 3–6  months) is 
an essential staged operation, as it has been shown to reduce 
morbidity and mortality compared to the acute transition 
from single ventricle to Fontan physiology. In other words, 
the Glenn procedure attenuates the volume overload on 
the single systemic ventricle by diverting SVC blood return 
directly to the pulmonary artery. Without this staged tran-
sition, constant volume overload in a univentricular heart 
would lead to impaired ventricular function and diastolic 
compliance. Elevated end-diastolic pressure would lead to 
poor pulmonary venous return, leading to compromised 
cardiac output.

Fontan patients require adequate intravascular volume 
due to passive return of venous systemic blood flow directly 
to the pulmonary circulation. Other factors important to 
maintain cardiac output include low PVR, normal sinus 
rhythm for optimal atrial and ventricular filling, adequate 
cardiac contractility and compliance, normal tricuspid and 
neoaortic valve, and uncompromised aortic outflow tract. 
It is important that this patient receive IV fluid prior to 
induction to maintain adequate cardiac output. Inotropic 
support is essential for supporting contractility and to 
decrease venous capacitance. Increased cardiac contractility 
and sympathetic activation decrease the venous capacitance 
and promotes venous return indirectly by augmenting car-
diac output through the Frank-Starling mechanism, which 
increases the total blood flow through the circulatory sys-
tem. Giving esmolol can further decrease cardiac output by 
limiting heart rate and contractility. It is also important to 

provide optimal ventilation and oxygen to minimize PVR. 
A  hematocrit of 35% is adequate for oxygen-carrying 
capacity. Higher hematocrits can lead to increased viscos-
ity, which may negatively influence cardiac output.

K E Y FAC T S

• Adult patients with CHD who require noncardiac 
surgery can be divided into three groups: those who have 
had complete anatomic repair of their cardiac defect, 
those who have undergone previous palliative surgery, 
and those who have never been operated on.

• The main objectives for these patients can be 
simplified by optimizing cardiac output, maintaining 
balanced pulmonary and systemic blood flows, and 
providing an optimal oxygen delivery with adequate 
hematocrit level.

• The Fontan procedure (or total cavopulmonary 
connection) is generally performed in staged patients at 
2–3 years of age.

• The Glenn procedure (performed around the age of 
3–6 months) is an essential staged operation, as it 
has been shown to reduce morbidity and mortality 
compared to the acute transition from single-ventricle to 
Fontan physiology.

R E F E R E N C E S

Cannesson M, Collange V, Lehot JJ. Anesthesia in adult patients with 
CHD. Curr Opin Anaesthesiol. 2009;22:88–94.

DiNardo J, Zvara D, eds. Anesthesia for Cardiac Surgery. 3rd ed. Oxford, 
UK: Blackwell Publishing; 2008:236–9.

34. ANSWER: C

The resuscitation of this child should begin with airway 
assistance to treat the reversible cause of hypoxia and bra-
dycardia. Chest compressions and IV epinephrine will be 
needed if his condition worsens due to poor perfusion or 
full cardiac arrest. AED should be available and may be 
used as indicated.

The 2010 American Heart Association (AHA) 
Guidelines for Cardiopulmonary Resuscitation (CPR) 
and Emergency Cardiovascular Care (ECC) recommend a 
change of the basic life support (BLS) sequence from “A-B-
C” (Airway, Breathing, Chest compressions) to “C-A-B” 
(Chest compressions, Airway, Breathing) for adults and 
pediatric patients (children and infants, excluding new-
borns). This recommendation is based on the following 
reasons:

• The vast majority of arrests in adults are more likely 
to be of cardiac etiology. Immediate activation of the 
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emergency response system with chest compressions and 
early defibrillation is critical for improving survival rates.

• In the A-B-C sequence, chest compressions are often 
delayed. The C-A-B will allow earlier chest compression 
and little delay in ventilation, which would soon begin 
after 30 compressions (compression-ventilation ratio 
of 30:2).

• Bystander CPR participation is fewer than 50% in 
cardiac arrests. It is believed that perhaps one of the 
main impediments for participation is the initiation of 
airway support with mouth-to-mouth rescue breaths. 
Bystander involvement early during arrests is important 
for outcome survival.

The AHA Guidelines also emphasize the importance 
of health care providers in choosing the sequence of CPR 
accordingly. An adult with witnessed cardiac arrest should 
receive early chest compressions and defibrillation. In 
children and infants, the majority of pediatric cardiac 
arrests are asphyxial and CPR should be implemented 
for five cycles (approximately 2 minutes) before initiating 
the emergency response system and obtaining an AED. In 
newborns, arrests are more likely caused by respiratory eti-
ology, and resuscitation should begin with A-B-C sequence 
unless there is a known cardiac etiology.

There is continued emphasis on high-quality CPR, 
with compressions of adequate rate (100 compressions/min) 
and depth (at least 2 inches or 5 cm in adults and 1.5 inches 
or 4 cm in infants and newborns), allowing complete chest 
recoil, minimizing interruptions in chest compressions 
(taking no more than 5–10 seconds for pulse checks) and 
avoiding excessive ventilation.

It is also important to recognize and treat reversible 
causes early during CPR. The 5 H’s and T’s are as fol-
lows:  Hypovolemia, Hypoxia, Hydrogen ion (acidosis), 
Hypo/hyperkalemia, Hypothermia, Tension pneumotho-
rax, cardiac Tamponade, Toxins, pulmonary Thrombosis, 
and coronary Thrombosis.

K E Y FAC T S

• The resuscitation of this child should begin with airway 
assistance to treat the reversible cause of hypoxia and 
bradycardia.

• The vast majority of arrests in adults are more likely to 
be of cardiac etiology.

• An adult with witnessed cardiac arrest should receive 
early chest compressions and defibrillation.

• In children and infants, the majority of pediatric cardiac 
arrests are asphyxial and CPR should be implemented 
for 5 cycles (approximately 2 minutes) before initiating 
the emergency response system and obtaining an AED.

• In newborns, arrests are more likely caused by 
respiratory etiology, and resuscitation should begin with 
A-B-C sequence unless there is a known cardiac etiology.

R E F E R E N C E

Field JM, Hazinski MF, Sayre MR, et al. Part 1: executive summary: 2010 
American Heart Association Guidelines for Cardiopulmonary 
Resuscitation and Emergency Cardiovascular Care. Circulation. 
2010;122:S640–56.

35. ANSWER: B

Cardiac transplantation in infants and children is 
performed for both congenital and acquired heart dis-
ease. Neonates with severe congenital abnormalities 
such as hypoplastic left heart syndrome or children with 
severe heart failure following palliative procedures for 
single-ventricle physiology make up the majority of congen-
ital cases. Acquired etiologies include dilated, restrictive, 
and hypertrophic cardiomyopathies as well as rare diseases 
such as cardiac tumors or Kawasaki disease. Many of these 
patients do not survive long enough to reach transplant, as 
donor organ availability falls well short of demand.

Optimizing anesthetic management for pediatric 
cardiac transplantation requires keen understanding of a 
child’s underlying disease and physiology. Hemodynamic 
instability remains an ever-present consideration; there-
fore, it is important that rapid changes to preload, after-
load, heart rate, and contractility are avoided. Meticulous 
airway management following induction is an important 
factor in preventing hypoxemia and hypercarbia. Both 
of these disturbances may increase pulmonary vascular 
resistance and cause depression of cardiac output. Recall 
that in the denervated heart, only direct medications 
such as epinephrine, isoproterenol, dopamine, and dobu-
tamine will be effective in managing hypotension and/or 
bradycardia. Indirect agents, including ephedrine, glyco-
pyrrolate, and atropine, will be ineffective. Additionally, 
epicardial pacing may also be required to maintain an 
adequate heart rate between 120 to 150 beats per minute. 
Typically, a balanced anesthetic with opioids, benzodiaz-
epines, isoflurane, and a nondepolarizing muscle relaxant 
preserves cardiac output and minimizes hemodynamic 
perturbation.

Transesophageal echocardiography (TEE) remains 
the gold standard for intraoperative assessment of graft 
function, mechanical issues, and pulmonary hypertension. 
In some cases, centers advocate the use of TEE over place-
ment of a pulmonary artery catheter since these invasive 
catheters carry increased risk when placed in children as 
compared to adults.

K E Y FAC T S

• Cardiac transplantation in infants and children is 
performed for both congenital and acquired heart 
disease.

 

 

 

 

 

https://kat.cr/user/Blink99/



5 .   cardIovascular systeM  •   137

• Neonates with severe congenital abnormalities such 
as hypoplastic left heart syndrome or children with 
severe heart failure following palliative procedures for 
single-ventricle physiology make up the majority of 
congenital cases.

• Acquired etiologies include dilated, restrictive, and 
hypertrophic cardiomyopathies as well as rare diseases 
such as cardiac tumors or Kawasaki disease.

• In the denervated heart, only direct medications such as 
epinephrine, isoproterenol, dopamine, and dobutamine 
will be effective in managing hypotension and/or 
bradycardia.

• Transesophageal echocardiography (TEE) remains 
the gold standard for intraoperative assessment of 
graft function, mechanical issues, and pulmonary 
hypertension.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:622.

36. ANSWER: A

It is crucial that an adequate preoperative evaluation is per-
formed, as these results ultimately predict the success of car-
diac transplant. Assessment of cardiac function involves 
obtaining a detailed medical history with particular detail 
focusing on exercise tolerance, oxygen requirements, and 
need for diuretics and inotropic support. The pretransplant 
evaluation ultimately includes cardiac catheterization with 
angiography. Assessment focuses heavily on determining 
the severity of pulmonary hypertension. The Pulmonary 
Vascular Resistance Index (PVRI), transpulmonary gradi-
ent (TPG), and reactivity of the pulmonary vascular bed to 
pharmacologic manipulation are essential to this evaluation 
(see Box 5.2).

A PVRI greater than 6 to 10 Wood units or a TPG 
greater than 15 mm Hg can lead to acute right ventricular 
failure. In addition, in elevated PVR, other contraindica-
tions to pediatric heart transplantation include multiple 
severe congenital abnormalities, prematurity (<36 weeks), 
low birth weight (<2 kg), ectopia cordis, diffuse pulmonary 

artery hypoplasia, pulmonary venous hypoplasia, active 
malignancy or infection, severe metabolic disease, or irre-
versible noncardiac end organ damage. Although a Holter 
monitor, echocardiogram, or chest radiograph may be part 
of a preoperative workup and provide an assessment of 
cardiopulmonary function, these are not typically used to 
determine suitability for transplant.

K E Y FAC T S

• Assessment of cardiac function involves obtaining a 
detailed medical history with particular detail focusing 
on exercise tolerance, oxygen requirements, and need for 
diuretics and inotropic support.

• The pretransplant evaluation ultimately includes cardiac 
catheterization with angiography, and assessment 
focuses heavily on determining the severity of 
pulmonary hypertension.

• In addition in elevated PVR, other contraindications to 
pediatric heart transplantation include multiple severe 
congenital abnormalities, prematurity (<36 weeks), low 
birth weight (<2 kg), ectopia cordis, diffuse pulmonary 
artery hypoplasia, pulmonary venous hypoplasia, active 
malignancy or infection, severe metabolic disease, or 
irreversible noncardiac end organ damage.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:619–20.

37. ANSWER: C

Supraventricular tachycardia (SVT) is the most com-
mon significant arrhythmia in infants and children. SVT 
in children consists of a regular tachycardia with a nar-
row QRS morphology. Heart rate is age dependent but 
usually exceeds 230 beats per minute. A widening of the 
QRS may occur if a concurrent bundle branch block exists. 
Management of SVT in children mimics treatment strat-
egies employed in adults. These steps include the following:

1. Determination of hemodynamic stability 
(blood pressure, mentation, etc.). If the clinical 
situation indicates an unstable condition, 
prompt cardioversion with 0.5–1.0 joules/kg is 
recommended.

2. If vagal maneuvers are unsuccessful at controlling 
the heart rate, antiarrhythmic therapy with 
adenosine is the drug of choice for both diagnosis 
and treatment of most SVTs. β blockade is often 
then used for chronic therapy.

Box 5.2 CALCULATION OF PVRI AND TPG

PVRI (dynes*sec/cm5*m2) = 80 × [PAP (mm Hg) – PAWP  
   (mm Hg)]/CI (L/min/m2)
TPG = PAP (mm Hg) – PAWP (mm Hg)

CI, cardiac index; PAP, mean pulmonary artery pressure; PAWP, mean pul-
monary artery wedge pressure.
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3. Treatment of underlying causes of the SVT, 
including controlling fever, stopping offending 
medications, or correcting of electrolytes.

4. Consider pacing if all of these steps are ineffective.

Of the remaining arrhythmias, long QT syndrome is 
associated with congenital syndromes and may lead to tors-
ades de pointes, ventricular fibrillation, bradyarrhythmias, 
and even cardiac arrest. Ventricular tachycardia is relatively 
uncommon in children.

K E Y FAC T S

• SVT is the most common significant arrhythmia in 
infants and children.

• SVT in children consists of a regular tachycardia with a 
narrow QRS morphology.

• Heart rate is age dependent but usually exceeds 230 
beats per minute.

• A widening of the QRS may occur if a concurrent 
bundle branch block exists.

• Management of SVT in children mimics treatment 
strategies employed in adults.

• Long QT syndrome is associated with congenital 
syndromes and may lead to torsades de pointes, 
ventricular fibrillation, bradyarrhythmias, and even 
cardiac arrest.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:316–8.

38. ANSWER: D

Management of pacemakers in the operating room remains 
a high priority for anesthesiologists and surgeons alike. 
These devices have become incredibly complex with numer-
ous programmable features. Indications for pacemak-
ers in children include symptomatic sinus bradycardia, 
bradycardia-tachycardia syndromes, congenital complete 
AV block, and advanced second- or third-degree AV block.

It is imperative that all implanted pacemaker devices are 
interrogated as part of the preoperative evaluation prior 
to nonemergent cases. Reprogramming of the device 
may be needed prior to the operating room to avoid prob-
lems related to electrocautery; this is the most common 
source of electromagnetic interference that may affect the 
functioning of these devices. Table 5.5 summarizes appro-
priate management strategies.

Of the listed answers, only the use of harmonic scalpel 
or battery-operated hot wire cautery is a corrected response.

K E Y FAC T S

• Indications for pacemakers in children include 
symptomatic sinus bradycardia, bradycardia-tachycardia 
syndromes, congenital complete AV block, and advanced 
second- or third-degree AV block.

• It is imperative that all implanted pacemaker devices are 
interrogated as part of the preoperative evaluation prior 
to nonemergent cases.

• Reprogramming of the device may be needed prior 
to the operating room to avoid problems related to 
electrocautery; this is the most common source of 
electromagnetic interference that may affect the 
functioning of these devices.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:319–20.

39. ANSWER: C

Cardiac tumors in children are extremely rare. Unlike 
adults in whom atrial myxomas are by far the most com-
mon, most tumors in children are either rhabdomyomas 
or cardiac fibromas. Among these tumors, rhabdomyo-
mas are the most common pediatric cardiac tumor. 
They typically involve the ventricular septum and 
left ventricle. There are multiple tumors in a majority 
of cases.

Table 5 .5 PERIOPER ATIVE MANAGEMENT 

OF PACEMAKERS

SURGEON ANESTHESIOLOGIST

Use of bipolar cautery Ensure preoperative interrogation 
and postoperative reprogramming 
of the pacemaker completed by 
cardiology. Rate responsive features 
should be discontinued for surgery 
in most cases.

Avoidance of cautery near 
the generator

Availability of chronotropic drugs 
and alternate pacing modalities in 
the event of pacer failure

Positioning of the 
indifferent plate for 
electrocautery away from 
the pacemaker so the 
device is not between the 
electrodes

availability of a magnet to allow for 
asynchronous pacer if needed

Use of the harmonic scalpel 
or battery operated hot 
wire handheld cautery

Close intraoperative monitoring 
with electrocardiogram; consider 
invasive arterial blood pressure
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Although these tumors are considered to be benign, the 
decision to surgically excise these neoplasms is dependent 
on the severity of symptoms. Children with cardiomegaly, 
congestive heart failure, and arrhythmias are candidates 
for surgery. In the absence of these symptoms, rhabdomyo-
mas tend to regress over time.

As mentioned earlier, atrial myxomas are only common 
in adults. Although common in children, teratomas are not 
typical cardiac tumors. Fibromas are common in children, 
but to a lesser degree as compared with rhabdomyomas.

K E Y FAC T S

• Cardiac tumors in children are extremely rare.
• Unlike adults in whom atrial myxomas are by far the 

most common, most tumors in children are either 
rhabdomyomas or cardiac fibromas.

• Among these tumors, rhabdomyomas are the most 
common pediatric cardiac tumor.

• They typically involve the ventricular septum and left 
ventricle.

• There are multiple tumors in a majority of cases.
• Children with cardiomegaly, congestive heart failure, 

and arrhythmias are candidates for surgery.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:302.

40. ANSWER: C

As mentioned previously, common cardiac tumors in 
children are rhabdomyomas and cardiac fibromas with 
rhabdomyomas being most common. These tumors can 
occur in all four chambers of the heart. This is in contrast 
to atrial myxomas in adults, which typically only occur in 
the left atrium. Surgical excision of these neoplasms is 
largely dependent on the symptoms of the child and is not 
always indicated, particularly in rhabdomyomas since they 
may regress over time. If cardiomegaly, congestive heart 
failure, or arrhythmias occur, then surgery is warranted. 
Of particular congenital concern, rhabdomyomas have 
been associated with children who have tuberous sclerosis.

Recall that tuberous sclerosis is a disease characterized 
primarily by cutaneous and neurologic lesions. Cardiac 
and renal manifestations are less frequent but can be 
significant. Presence of cardiac rhabdomyomas in con-
junction with potential conduction defects should be evaI-
uated prior to surgery. In addition to the cardiac pathology 
described earlier, children affected by autosomal domi-
nant disease may present with upper airway neoplasms, 
which may make airway management challenging. Due to 

neurologic abnormalities, they are also prone to seizure dis-
orders, and therefore all anticonvulsant medications should 
be continued through the perioperative period.

K E Y FAC T S

• Surgical excision of these neoplasms is largely dependent 
on the symptoms of the child and is not always 
indicated, particularly in rhabdomyomas, since they may 
regress over time.

• If cardiomegaly, congestive heart failure, or arrhythmias 
occur, then surgery is warranted.

• Tuberous sclerosis is a disease characterized primarily 
by cutaneous and neurologic lesions; cardiac and renal 
manifestations are less frequent but can be significant.

• Presence of cardiac rhabdomyomas in conjunction with 
potential conduction defects should be evaIuated prior 
to surgery.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:302, 305.

41. ANSWER: A

Hypertrophic cardiomyopathy (HCM) is a congenital 
form of cardiomyopathy seen frequently in children and 
follows an autosomal dominant mode of transmission. 
Approximately 40% of cardiomyopathies in children 
are secondary to HCM. It usually occurs as asymmetric 
hypertrophy of the interventricular septum but occa-
sionally may be concentric. The hallmark pathology 
involved with HCM involves basal or dynamic left ventric-
ular outflow obstruction and the potential for systolic dys-
function, putting the child at risk for sudden cardiac death. 
Children with severe HCM may develop myocardial isch-
emia or critically increased outflow obstruction from 
even modest degrees of hypotension or tachycardia.

Events or agents that increase outflow obstruction 
include those that:

•	 Increase myocardial contractility
•	 Decrease preload (hypovolemia, hypotension, 

hemorrhage, vasodilators, tachycardia, excessive positive 
pressure ventilation)

•	 Decrease afterload

Events or agents that decrease outflow obstruction include 
those that:

• Decrease myocardial contractility (β blockers, calcium 
channel blockers, halothane)

 

 

 

 

 

 

 

 

https://kat.cr/user/Blink99/



140  •   organ-Based BasIc and clInIcal scIences

• Increase effective preload (decreased heart rate, volume 
expansion with crystalloid/colloid)

• Moderately increase afterload

Of the answers listed, heart rate control with calcium chan-
nel blockers and β blockers is the best answer since these 
decrease myocardial contractility. Both diuretics and hypo-
tension on induction would decrease preload, potentially 
making the obstruction worse. Inotropes increase contrac-
tility, also causing a similar end outcome.

K E Y FAC T S

• HCM is a congenital form of cardiomyopathy seen 
frequently in children and follows an autosomal 
dominant mode of transmission.

• Approximately 40% of cardiomyopathies in children are 
secondary to HCM.

• It usually occurs as asymmetric hypertrophy of the 
interventricular septum but occasionally may be 
concentric.

• The hallmark pathology involved with HCM involves 
basal or dynamic left ventricular outflow obstruction 
and the potential for systolic dysfunction, putting the 
child at risk for sudden cardiac death.

• Children with severe HCM may develop myocardial 
ischemia or critically increased outflow obstruction from 
even modest degrees of hypotension or tachycardia.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA:  Saunders; 2009:295–8, 
389–91.

42. ANSWER: A

Dilated cardiomyopathy (DCM) is characterized by a 
thin left ventricular wall, dilation of the ventricular cav-
ity, and varying degrees of systolic dysfunction. The causes 
can be either genetic as well as acquired. Genetic forms of 
DCM follow multiple types of inheritance patterns and 
are strongly associated with degenerative disorders, namely 
Duchenne and Becker muscular dystrophy. Acquired 
DCM is typically related to infectious etiologies, mainly 
viruses. Adenovirus, coxsackievirus, and human immu-
nodeficiency virus are the usual culprits. Other acquired 
causes include metabolic disorders (thyroid/mitochondrial 
disorders and carnitine deficiency) and toxic exposures 
(anthracyclines).

Children affected by DCM typically present with 
a clinical picture consistent with congestive heart fail-
ure. Tachypnea, dyspnea, diminished pulses, and 

hepatomegaly are common exam findings. Cardiomegaly 
is seen on chest radiograph, and an ECG may reveal rhythm 
disturbances, including tachyarhythmias. An echocardio-
gram often reveals a dilated, volume-loaded, poorly con-
tractile ventricle. Treatment of these patients is aimed at 
fluid optimization, stabilization of cardiac function, and 
supportive measures.

Perioperative management of these children includes 
judicious use of inotropic agents, treating fluid overload with 
diuretics (in stark contrast to hypertrophic cardiomyopathy 
where diuretics are relatively contraindicated), and conserva-
tive administration of fluids. Remember, DCM is a condition 
of systolic impairment, with fluid overload being a con-
stant threat; therefore, preload reduction is the cornerstone 
therapy. Once initial stabilization is achieved, long-term 
maintenance with β blockade and afterload reduction with 
angiotensin-converting enzyme inhibitors is initiated.

K E Y FAC T S

• DCM is characterized by a thin left ventricular wall, 
dilation of the ventricular cavity, and varying degrees of 
systolic dysfunction.

• Genetic forms of DCM follow multiple types of 
inheritance patterns and are strongly associated with 
degenerative disorders, namely Duchenne and Becker 
muscular dystrophy.

• Acquired causes of DCM include adenovirus, 
coxsackievirus, human immunodeficiency virus, 
metabolic disorders (thyroid/mitochondrial disorders 
and carnitine deficiency), and toxic exposures 
(anthracyclines).

• Tachypnea, dyspnea, diminished pulses, and 
hepatomegaly are common exam findings.

• Perioperative management of these children includes 
judicious use of inotropic agents, treating fluid overload 
with diuretics (in stark contrast to hypertrophic 
cardiomyopathy where diuretics are relatively 
contraindicated), and conservative administration of fluids.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:297.

43. ANSWER: C

The key to understanding this question involves know-
ing the factors that lead to an increased pulmonary 
vascular tone.

Pulmonary hypertension is a common sequela of 
chronic or unoperated congenital heart disease. It may per-
sist or develop after corrective surgery. In children who are 
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susceptible to acute pulmonary hypertensive crises, symp-
toms may be manifested by acute arterial desaturation, 
bradycardia, and/or systemic hypotension. It is critical that 
the anesthesiologist recognize potential triggers of pulmo-
nary reactivity, since acute rises in pulmonary pressures can 
lead to increased right ventricular afterload with subsequent 
ventricular failure, leftward shifting of the interventricular 
septum causing compromised left ventricular performance, 
and overall decreased cardiac output.

If an acute pulmonary hypertensive crisis occurs, 
prompt administration of selective pulmonary vasodilators 
is indicated. Nitric oxide and other agents are the mainstays 
of treatment. Simultaneous use of inotropes to support 
right ventricular function is also key to treatment.

K E Y FAC T S

• In children who are susceptible to acute pulmonary 
hypertensive crises, symptoms may be manifested by 
acute arterial desaturation, bradycardia, and/or systemic 
hypotension.

• If an acute pulmonary hypertensive crisis occurs, prompt 
administration of selective pulmonary vasodilators is 
indicated.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:474–5.

44. ANSWER: D

Inhaled nitric oxide (NO) causes pulmonary vasodilation 
and increases systemic oxygen levels in infants with PPHN. 
NO is a gas synthesized by NO synthase in endothelial cells 
from L-arginine. NO freely diffuses into the adjacent vas-
cular smooth muscle cells, stimulating soluble guanylate 
cyclase to increase levels of cyclic guanosine monophos-
phate (cGMP). Increased levels of cGMP lead to vascular 
dilation, decreased right-to-left shunting, and increased 
systemic oxygenation. NO has gained in popularity, mainly 

because of its ability to decrease the need of extracorporeal 
membrane oxygenation (ECMO). Despite being an effec-
tive choice for situations of severe PPHN, it is costly, inva-
sive, and not available at many centers.

A physiologic by-product of NO metabolism is met-
hemoglobin, although levels typically are not of clinical 
importance in most cases. Also worth emphasizing is NO’s 
ability to cause pulmonary vasculature dilation, but it is also 
been shown to be useful in decreasing lung injury associated 
with prolong pulmonary hypertension. Recent data suggest 
that NO decreases pulmonary artery smooth muscle 
cell proliferation and neomuscularization. Therefore, it 
treats active hypertensive crises as well as prevents lung 
remodeling that leads to chronic decline.

K E Y FAC T S

• Inhaled nitric oxide, by increasing levels of cGMP, 
causes pulmonary vasodilation, decreased right-to-left 
shunting, and increased systemic oxygen levels in infants 
with PPHN.

• A physiologic by-product of NO metabolism is 
methemoglobin, although levels typically are not of 
clinical importance in most cases.

• Recent data suggest that NO decreases pulmonary 
artery smooth muscle cell proliferation and 
neomuscularization.

• Therefore, it treats active hypertensive crises as well as 
prevents lung remodeling that leads to chronic decline.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:750–1.

45. ANSWER: C

Endocarditis prophylaxis is essential for several broad cat-
egories of patients with underlying cardiac disease. Recent 
guidelines recommend prophylaxis for those with highest 
risk of an adverse outcome resulting from endocarditis. 
Patients at highest risk include those with:

1. Prosthetic heart valves
2. Prior history of endocarditis
3. Congenital heart disease (CHD): specifically, those 

with unrepaired cyanotic CHD, including palliative 
shunts and conduits.

4. Completely repaired CHD with prosthetic material 
or device with surgery in the prior 6 months

5. Repaired CHD with residual defects (prosthetic 
patch or material that inhibits endothelialization)

6. A cardiac transplant who develops valvulopathy

Table 5 .6 FACTORS KNOW N TO INCR EASE 

PULMONARY VASCULAR TONE

Hypoxia transmitted positive airway 
pressure

Hypercapnia Atelectasis

Acidemia Stress response

Hypothermia Light anesthesia

SOURCE: Adapted from Cote CJ, Lerman J, Todres ID, eds. A 
Practice of Anesthesia for Infants and Children. 4 ed. Philadelphia, 
PA: Saunders;2009:475.
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Procedures requiring prophylaxis include dental pro-
cedures that involve gingival tissues, periapical region 
of teeth, or perforation of mucosa. High-risk patients 
undergoing invasive procedures of the respiratory tract that 
involve incision of the mucosa should also be considered. 
Of note, prophylaxis for genitourinary or gastrointesti-
nal procedures is not recommended. Additionally, trans-
esophageal echocardiography, routine endoscopy, and 
cardiac catheterization with angiography do not typi-
cally require prophylaxis.

Antibiotics are administered 30 to 60 minutes before 
the procedure in order to allow for adequate plasma and 
tissue concentrations. Amoxicillin is the antibiotic of 
choice, with cephalexin, clindamycin, azithromycin, 
or clarithromycin as options for penicillin-allergic 
patients.

K E Y FAC T S

Recent guidelines recommend prophylaxis for those with 
highest risk of an adverse outcome resulting from endocar-
ditis. Patients at highest risk include those with:

1. Prosthetic heart valves
2. Prior history of endocarditis
3. CHD: specifically, those with unrepaired cyanotic 

CHD, including palliative shunts and conduits
4. Completely repaired CHD with prosthetic material 

or device with surgery in the prior 6 months
5. Repaired CHD with residual defects (prosthetic 

patch or material that inhibits endothelialization)
6. A cardiac transplant who develops valvulopathy

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:300–1.

46. ANSWER: C

Kawasaki disease is a form of systemic vasculitis char-
acterized by a mucocutaneous lymph node syndrome. It 
is most common in infants and young children, most fre-
quently those of Asian descent. The etiology is not known. 
Kawasaki disease, although highly treatable, can be fatal 
if not recognized, particularly if surgery is required during 
the acute phase of the disease. Coronary artery aneurysms 
are diagnostic for this form of vasculitis, and a minor-
ity of patients may go on to have myocardial ischemia or 
even infarction. Children with identified aneurysms are 
started on low-dose aspirin and/or anticoagulants or anti-
platelet agents. If surgery is mandatory during the acute 

phase of the disease, it is incumbent on the anesthesiologist 
to optimize myocardial oxygen demand.

Diagnosis of this disorder is a clinical one, as there 
are no specific laboratory or radiographic tests for Kawasaki 
disease. In order to meet criteria, a child must have persist-
ing fevers and at least four of the following:

1. Polymorphous exanthema
2. Peripheral extremity changes: erythema, 

desquamation, or edema of the hands/feet
3. Bilateral nonexudative conjunctivitis
4. Cervical lymphadenopathy, often unilateral
5. Oral manifestations: red, dry, or cracked lips; 

strawberry tongue

The treatment of Kawasaki disease involves intravenous 
gamma globulin during the acute phase of the disease and 
high-dose aspirin. Once acute symptoms resolve, doses of 
aspirin are then continued at lower doses for several months.

K E Y FAC T S

• Kawasaki disease is a form of systemic vasculitis 
characterized by a mucocutaneous lymph node syndrome.

• Kawasaki disease, although highly treatable, can be 
fatal if not recognized, particularly if surgery is required 
during the acute phase of the disease.

• Coronary artery aneurysms are diagnostic for this form 
of vasculitis, and a minority of patients may go on to 
have myocardial ischemia or even infarction.

• Children with identified aneurysms are started on low-
dose aspirin and/or anticoagulants or antiplatelet agents.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:301.

47. ANSWER: D

Myocarditis is a common cause of cardiomyopathy in chil-
dren. It is defined at inflammation of the myocardium, 
often associated with myocyte necrosis and degenera-
tion. Myocarditis typically follows a viral infection, and 
many children have subclinical or mild disease. The viruses 
implicated in myocarditis include adenovirus, enterovirus 
including coxsackievirus B, and parvovirus. A minority of 
patients will progress to frank heart failure or have sig-
nificant arrhythmias. It is thought that approximately 
one third of patient with myocarditis regain ventricular 
function, one third will recover with residual systolic 
impairment, and one third will eventually require car-
diac transplantation.
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Management of children with myocarditis is largely 
based on the severity of the symptoms. Previously, aggressive 
inotropic support was used to maintain cardiac output and 
perfusion. This management strategy has become less pop-
ular as myocardial oxygen demand increases significantly, 
leading to further complications. Current therapy recom-
mendations include diuresis to decrease preload combined 
with use of gentle inotropic support. Phosphodiesterase 
inhibitors (milrinone) are commonly used. The goal is to 
impove myocardial performance without increasing the 
demand on a failing heart.

K E Y FAC T S

• Myocarditis is a common cause of cardiomyopathy in 
children.

• It is defined as inflammation of the myocardium, often 
associated with myocyte necrosis and degeneration.

• Myocarditis typically follows a viral infection, and many 
children have subclinical or mild disease.

• A minority of patients will progress to frank heart 
failure or have significant arrhythmias.

• It is thought that approximately one third of patient 
with myocarditis regain ventricular function, one 
third will recover with residual systolic impairment, 
and one third will eventually require cardiac 
transplantation.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:298–9.

48. ANSWER: C

Rheumatic heart disease, although not a significant 
source of acquired heart disease in the United States, 
continues to be prevalent in the developing world. Early 
treatment of streptococcal pharyngitis with antibiot-
ics is the key to preventing the complications of this dis-
ease. Children between the ages of 5 and 14 years are at 
highest risk.

Recall that rheumatic heart disease is a complication 
of rheumatic fever. Rheumatic fever is caused by an infec-
tion with group A β-hemolytic Streptococcus species, often 
Streptococcus pyogenes. The immune response mounted 
to these bacterial antigens results in cross reactivity with 
native issues, resulting in a multisystem inflammatory 
response. Diagnosis of rheumatic fever is made based on 
clinical findings and is based on the modified Jones cri-
teria (see Box 5.3). Evidence of a prior Streptococcal infec-
tion combined with two major or one major and two minor 

criteria are required to make the diagnosis in children with 
no prior history of rheumatic fever or echocardiographic 
evidence of valvulopathy.

The aortic and mitral valves are most commonly 
affected by when valvular involvement occurs. Scarring 
and fibrosis of valve leaflets can lead to both stenotic and 
regurgitant lesions. Due to its availability, echocardiogra-
phy has played an increasingly important role in evalua-
tion of suspected rheumatic heart disease. Early treatment 
of rheumatic fever is crucial because up to 50% of children 
with their first attack will have some element of cardiac 
involvement.

K E Y FAC T S

• Rheumatic heart disease, although not a significant 
source of acquired heart disease in the United States, 
continues to be prevalent in the developing world.

• Early treatment of Streptococcal pharyngitis with 
antibiotics is the key to preventing the complications of 
this disease.

• Children between the ages of 5 and 14 years are at 
highest risk.

• Rheumatic heart disease is a complication of 
rheumatic fever.

• Diagnosis of rheumatic fever is made based on clinical 
findings and is based on the modified Jones criteria.

• The aortic and mitral valves are most commonly affected 
by when valvular involvement occurs.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:299.

Box 5.3 MODIFED JONES CRITERIA

Major

Polyarthritis
Carditis
Subcutaneous nodules
Erythema marginatum
Chorea

Minor

Fever
Arthralgia
Raised erythrocyte sedimentation rate or C-reactive 

protein
Leukocytosis
Electrocardiogram showing features of heart block
Previous episode of rheumatic fever
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49. ANSWER: C

Cardiac effusion and tamponade are related conditions 
that involve accumulation of fluid in the pericardial space. 
Pericardial effusions are often caused by system disease 
processes, including metastatic, immunologic (rheumatoid 
arthritis, systemic lupus erythematosus), and infectious 
(viral, fungal, and bacterial) etiologies. Effusions may also 
accumulate following trauma or prior cardiotomy. It is 
important to understand the volume of fluid that accumu-
lates in the pericardium as well as the rate of accumulation. 
Normally, the pericardial space holds 15 to 50 mL of peri-
cardial fluid. Changes in pericardial volume as small as 100 
mL may lead to tamponade, resulting in significant cardiac 
impairment. Interestingly, if an effusion develops gradually, 
much greater volumes can be tolerated.

The hallmark of cardiac tamponade is equalization of 
right atrial pressure and right ventricular end diastolic 
pressure. As intrapericardial pressure increases, diastolic 
filling of the heart is greatly decreased, leading to decreased 
stroke volume, hypotension, and increased central venous 
pressure. Intense sympathetic nervous system activation, 
peripheral vasoconstriction, and tachycardia are compensa-
tory mechanisms that attempt to maintain cardiac output.

Anesthetic goals of patients with symptomatic effusions 
or tamponade physiology involve maintenance of cardiac 
output by avoiding anesthesia-induced peripheral vasodi-
lation, direct myocardial depression, or decreased venous 
return from increased intrathoracic pressure associated with 
positive pressure ventilation. The mantra for these patients is 
to run them “fast, full, and tight.” Administration of intra-
venous fluids with continuous infusion of catecholamine is 
a reasonable strategy to maintain cardiac output until drain-
age can by achieved in the operating room. Induction and 
maintenance of anesthesia with ketamine or a benzodiaze-
pine in conjunction with nitrous oxide is a reasonable course 
of action. Propofol should be avoided due to its detrimen-
tal decrease in systemic vascular resistance. Because of the 
potential for life-threatening hypotension associated with 
positive pressure ventilation, some advocate prepping and 
draping the patient for incision prior to induction of anes-
thesia and intubation in case of cardiovascular collapse.

K E Y FAC T S

• Cardiac effusion and tamponade are related 
conditions that involve accumulation of fluid in the 
pericardial space.

• Pericardial effusions are often caused by system 
disease processes, including metastatic, immunologic 
(rheumatoid arthritis, systemic lupus erythematosus), 
and infectious (viral, fungal, and bacterial) etiologies.

• The hallmark of cardiac tamponade is equalization of 
right atrial pressure and right ventricular end diastolic 
pressure.

• Anesthetic goals of patients with symptomatic effusions 
or tamponade physiology involve maintenance of cardiac 
output by avoiding anesthesia-induced peripheral 
vasodilation, direct myocardial depression, or decreased 
venous return from increased intrathoracic pressure 
associated with positive pressure ventilation.

R E F E R E N C E

Hines RL, Marschall KE, eds. Stoelting’s Anesthesia and Co-Existing 
Disease. 5th ed. Philadelphia, PA:  Churchill Livingstone; 
2008:128–9.

50. ANSWER: C

Pulsus paradoxus was described by German physician 
Dr. Adolf Kussmaul in 1873. It is defined as a decrease in 
systolic blood pressure >10 mm Hg during inspiration. This 
finding is reflective of the selective impairment of dia-
stolic filling in the left ventricle seen with cardiac tam-
ponade or restrictive pericarditis. Pulsus paradoxus is seen 
in approximately 75% of patient with acute cardiac tampon-
ade compared to only 30% of patients with chronic pericar-
dial effusion. This fact reiterates the important concept that 
large volumes of pericardial fluid can be tolerated in patients 
with gradual accumulation. Rapid accumulation of fluid in 
the pericardial space leads to tamponade physiology.

K E Y FAC T S

Pulsus paradoxus is defined as a decrease in systolic blood 
pressure >10 mm Hg during inspiration.

The signs and symptoms of cardiac tamponade include 
the following:

• Increased central venous pressure
• Pulsus paradoxus
• Equalization of cardiac filling pressures
• Hypotension
• Decreased voltage on the ECG
• Activation of the sympathetic nervous system

R E F E R E N C E

Hines RL, Marschall KE, eds. Stoelting’s Anesthesia and Co-Existing 
Disease. 5th ed. Philadelphia, PA:  Churchill Livingstone; 
2008:126–8.

51. ANSWER: C

The Fontan palliation is a staged surgical intervention to 
treat tricuspid atresia and hypoplastic left heart syndrome. 
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In this pathology, there is complete arterial and venous 
admixing of blood in the heart. The atrophic left ventricle 
is essentially nonfunctioning, leaving the right ventricle 
to pump both the pulmonary and the systemic circula-
tions. The ductus arteriosus keeps the patient alive by 
providing a shunt for oxygenated blood to mix with deox-
ygenated blood being pumped into the aorta. PGE1 is 
infused to maintain patency. The major complications of 
single-ventricle physiology (other than fatal PDA closure) 
are tissue hypoperfusion and right ventricular failure. The 
options for treatment include heart transplant, comfort 
measures, and palliative surgery.

Treatment of a normal infant with these vitals would be 
based on trying to improve oxygenation. Increasing FiO

2
 and 

perhaps using a small amount of PEEP would be helpful to 
oxygenate. In single-ventricle physiology, however, there are 
important differences in response to oxygenation, particu-
larly as pertains to the pulmonary vasculature. Ordinarily, 
hypocarbia, elevated FiO

2
, and increased pH cause pul-

monary artery dilation to increase blood flow to the 
lungs. However, in single-ventricle physiology, these factors 
are detrimental because blood shunted to the lungs means 
blood shunted away from systemic circulation. Maintenance 
of anesthesia for these patients involves doing the exact 
opposite:  allowing for hypoxia and hypercarbia to prevent 
shunting to the lungs due to an increase in PVR.

K E Y FAC T S

• The Fontan palliation is a staged surgical intervention 
to treat tricuspid atresia and hypoplastic left heart 
syndrome.

• There is complete arterial and venous admixing of blood 
in the heart.

• The atrophic left ventricle is essentially nonfunctioning, 
leaving the right ventricle to pump both the pulmonary 
and the systemic circulations.

• The ductus arteriosus keeps the patient alive by 
providing a shunt for oxygenated blood to mix with 
deoxygenated blood being pumped into the aorta.

• PGE1 is infused to maintain patency.
• The major complications of single-ventricle physiology 

(other than fatal PDA closure) are tissue hypoperfusion 
and right ventricular failure.

• The options for treatment include heart transplant, 
comfort measures, and palliative surgery.

R E F E R E N C E S

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:353–5, 370.

Jaquiss R, Imamura M. Single ventricle physiology:  surgical options, 
indications, and outcomes. Curr Opin Cardiol. 2009;24(2):113–8.

Petit CJ. Staged single-ventricle palliation in 2011: outcomes and expec-
tations. Congenit Heart Dis. 2011;6(5):406–16.

52. ANSWER: B

While the ex utero intrapartum treatment procedure 
(EXIT) is not frequently performed, the lessons of the pro-
cedure have implications for more routine practice. EXIT 
procedures are generally indicated for infants with con-
genital airway abnormalities that would preclude spon-
taneous breathing (e.g., a mass obstructing the airway) 
and for infants who require immediate extracorporeal 
membrane oxygenation for survival (e.g., congenital dia-
phragmatic hernia). In short, the EXIT procedure involves 
inducing maternal anesthesia, partially delivering the 
infant, establishing definitive care (airway or vascular access 
for ECMO), and separating from uteroplacental circula-
tion. The complicated orchestration required to facilitate 
multiple providers playing their parts means that planning 
and dry runs are paramount to success.

The major anesthetic consideration for the fetus 
is that only partial delivery from the uterus must be per-
formed until definitive airway and venous access are estab-
lished. This has a number of anesthetic implications. First, 
on the maternal side, it is important to maintain uterine 
tone. Loss of uterine tone can be associated with massive 
hemorrhage and can endanger the uteroplacental circula-
tion. Second, the fetus must be only delivered enough 
that definitive care can be provided. The mass of the fetus 
in the uterus helps provide hemostasis. Finally, umbilical 
blood supply must be maintained by promptly addressing 
maternal hypotension to avoid fetal hypoxia. Specifically, 
ephedrine and phenylephrine can be used to correct mater-
nal hypotension.

As with a newborn in the operating room, paralytics 
and analgesics are administered to the fetus immedi-
ately to facilitate intubation and other surgical maneu-
vers. Vascular access should be made peripherally and not 
through the umbilical vein until airway access is attained. 
In general, it is important to remember that cannulation 
of the umbilical vein can lead to venous spasticity and 
loss of access. In a fetus undergoing EXIT procedure, it 
is important to ensure access to the fetus does not sacri-
fice uteroplacental exchange until it is time to separate the 
circulations.

K E Y FAC T S

• EXIT procedures are generally indicated for infants 
with congenital airway abnormalities that would 
preclude spontaneous breathing (e.g., a mass obstructing 
the airway) and for infants who require immediate 
extracorporeal membrane oxygenation for survival (e.g., 
congenital diaphragmatic hernia).

• The EXIT procedure involves inducing maternal 
anesthesia, partially delivering the infant, establishing 
definitive care (airway or vascular access for ECMO), 
and separating from uteroplacental circulation.
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• The major anesthetic consideration for the fetus is that 
only partial delivery from the uterus must be performed 
until definitive airway and venous access are established.

• Paralytics and analgesics are administered to the fetus 
immediately to facilitate intubation and other surgical 
maneuvers.

R E F E R E N C E S

Clarke WR. The transitional circulation:  physiology and anesthetic 
implications. J Clin Anesth. 1990;2(3):192–211.

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:808–12.

53. ANSWER: B

While phenylephrine is ubiquitous in the adult operating 
room, it has a more limited role in pediatric anesthesia. 
Phenylephrine is an alpha agonist that has its major effect 
on arterioles, and a lesser effect on venous smooth muscle. It 
increases afterload as well as preload. The increased pre-
load typically causes a reflex bradycardia that may be of 
clinical significance in weak hearts.

Phenylephrine has practical advantages in some pediat-
ric cases due to its ability to increase afterload. Specifically, 
increasing afterload raises the pressures in the left side of 
the heart and reduces right-to-left shunting. In patients 
with shunt physiology (e.g., PDA, Tetralogy of Fallot, after 
Norwood and Glenn procedures), the increased afterload 
can therefore increase the delivery of oxygenated blood.

Tetralogy of Fallot includes by definition right ven-
tricular hypertrophy, overriding aorta, pulmonary valve 
stenosis, and ventriculoseptal defect. The right-to-left shunt 
is worsened when the child is under stress (e.g., during exer-
cise or while crying). Increasing SVR lessens the right-to-
left shunt and improves the clinical picture. A  bolus of 
20–100 micrograms phenylephrine per kilogram body 
weight can be used. Raising the legs above the head also 
increases afterload. Finally, lowering pulmonary vascular 
resistance will decrease the RV pressure and will lessen the 
shunt. However, children with Tetralogy of Fallot often 
have a fixed pulmonary valve stenosis, and manipulations 
to lessen pulmonary hypertension may have limited effects.

K E Y FAC T S

• Phenylephrine is an alpha agonist that has its major 
effect on arterioles and a lesser effect on venous smooth 
muscle.

• It increases afterload as well as preload.
• The increased preload typically causes a reflex 

bradycardia that may be of clinical significance in weak 
hearts.

• Increasing afterload raises the pressures in the left side of 
the heart and reduces right-to-left shunting.

• In patients with shunt physiology (e.g., PDA, Tetralogy 
of Fallot, after Norwood and Glenn procedures), the 
increased afterload can therefore increase the delivery of 
oxygenated blood.

R E F E R E N C E S

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:348, 374–5.

Weiss SJ, Ochronch EA, Chapter 54:Thoracic anesthesia. In: Longnecker 
DE, Brown DL, Newman MF, Zapol WM. Anesthesiology. 2nd ed. 
New York: McGraw-Hill; 2012:950–1008.

54. ANSWER: D

Classically, dopamine has been the pressor of choice in 
pediatric shock. It acts on dopamine receptors, as well 
as on alpha and beta receptors. It has several attributes 
that are testable and relevant. First, it increases inotropy 
both directly via B1 receptors and indirectly via increased 
catecholamine release. Second, in comparison to epineph-
rine and ephedrine, dopamine has a lesser effect on rate 
and is less likely to cause arrhythmia. In infants and small 
children who already run at high heart rates, chronotropy 
is less useful than inotropy. Third, there continues to be 
evidence that there is increased mesenteric and renal blood 
flow using dopamine in place of other vasoactives.

Dopamine is used in a wide range of doses, owing largely 
to its fairly wide variation in serum concentration. It can be 
used at low doses of 0.05 µg/kg per minute to high doses of 
10–15 µg/kg per minute or more.

There are some downsides to using dopamine in the 
pediatric population. Infants younger than 6 months of 
age may be refractory to dopamine treatment due to 
their immature sympathetic nervous system and low stores 
of catecholamines. Dopamine can cause arrythmias due to 
its B1 effects. Finally, it may cause an increase in pulmo-
nary vascular resistance.

K E Y FAC T S

• Classically, dopamine has been the pressor of choice in 
pediatric shock. It acts on dopamine receptors, as well as 
on alpha and beta receptors.

• It increases inotropy both directly via B1 receptors and 
indirectly via increased catecholamine release.

• In comparison to epinephrine and ephedrine, dopamine 
has a lesser effect on rate and is less likely to cause 
arrhythmia.

• In infants and small children who already have high 
heart rates, chronotropy is less useful than inotropy.
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• There continues to be evidence that there is increased 
mesenteric and renal blood flow using dopamine in place 
of other vasoactives.

R E F E R E N C E S

Brierly J, Carcillo JA, Choong K, et al. Clinical practice parameters for 
hemodynamic support of pediatric and neonatal septic shock: 2007 
update from the American College of Critical Care Medicine. Crit 
Care Med. 2009;37(2):666–88.

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:375–6.

55. ANSWER: D

Newborns at birth can fall under three different categories 
as classified by gestation age, actual birth weight, and 
size in relation to gestational age.

An infant is defined as premature when gestational 
age (GA) is less than 37 weeks, term when GA is between 
37 and 42 weeks, and postterm when an infant is born 
after 42 weeks of gestation. GA can be determined either 
by determining the infant’s mother’s last menstrual period 
(a frequently inaccurate method) or by ultrasonography 
that is performed during the first trimester of pregnancy 
(more accurate method). Determination of a fetus’s length 
as measured from crown to rump is frequently used for 
determination of the GA for fetuses that are less than 20 
weeks old. Older fetuses are often measured under ultraso-
nography from head to toes in order to derive their GA.

Moreover, newborn infants can be classified according 
to their birth weight. First classification separates new-
borns according to their actual birth weight regardless 
of their GA: a low birth weight (LBW) infant is considered 
one who weighs less than 2500 grams; very low birth weight 
(VLBW) infant, less than 1500 grams; and an extremely 
low birth weight (ELBW) infant, less than 1000 grams. 
Newborns weighing less than 750 grams are often catego-
rized as micropreemies.

In addition to the aforementioned category, infants’ 
weight might be plotted on the age-related weight 
curve, and be categorized as appropriate for gestational 
age (AGA); small for gestational age (SGA), when their 
weigh falls below 10% of their growth curve for a given 
gestational age; and large for gestational age (LGA), 
when their weight is recorded above 90% on the weight 
curve for their respective age. Approximate weight-to-
gestational age relationship has been described by 
Naeye et al. According to this, for an infant born at 28 
weeks to be considered as appropriate for gestational age 
(AGA), he or she should weigh between approximately 
1050 and 1275 grams. A  32-week-old AGA infant’s 
weight should be approximately 1600 to 1900 grams; a 
36-week AGA infant, 2300 to 2900 grams; and a full-term 

40-week AGA neonate, 2900 to 3800 grams. Both, SGA 
and LGA infants are more likely to experience various 
complications during the peripartum period. Small for 
gestational age (SGA) newborns are more prone to 
developing hypothermia and electrolyte and glucose 
abnormalities, such as hypocalcemia, hypomagnesemia, 
and hypoglycemia; they also have an increased chance of 
respiratory distress syndrome and congenital abnormali-
ties. Large gestation age infants are more prone than 
AGA infants to developing hypoglycemia, birth trauma, 
and hyperbilirubinemia.

K E Y FAC T S

• Newborns at birth can fall under three different 
categories as classified by gestation age (GA), actual 
birth weight, and size in relation to GA.

• An infant is defined as premature when the GA is less 
than 37 weeks, term when GA is between 37 and 42 
weeks, and postterm when an infant is born after 42 
weeks of gestation.

• First classification separates newborns according to their 
actual birth weight regardless of their GA: a low birth 
weight (LBW) infant is considered one who weighs 
less than 2500 grams, a very low birth weight (VLBW) 
infant weighs less than 1500 grams, and an extremely 
low birth weight (ELBW) infant weighs less than 1000 
grams. Newborns weighing less than 750 grams are 
often categorized as micropreemies.

• Infants’ weight might be plotted on the age-related 
weight curve and be categorized as appropriate for 
gestational age (AGA); small for gestational age (SGA), 
when their weigh falls below 10% of their growth curve 
for a given gestational age; and large for gestational age 
(LGA), when their weight is recorded above 90% on the 
weight curve for their respective age.

• SGA newborns are more prone to developing 
hypothermia and electrolyte and glucose abnormalities, 
such as hypocalcemia, hypomagnesemia, and 
hypoglycemia; they also have an increased chance 
of respiratory distress syndrome and congenital 
abnormalities.

• Large gestation age infants are more prone than AGA 
infants to developing hypoglycemia, birth trauma, and 
hyperbilirubinemia.

R E F E R E N C E S
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1978;12:987.
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56. ANSWER: C

Fetus heart rate in utero is predominately determined by the 
parasympathetic nervous system activity. The sympathetic 
nervous system starts gradually playing a more important 
role only after birth of an infant. The average heart rate at 
birth is approximately 130 beats per minute. One month 
after birth it tends to increase to about 150 beats per min-
ute, and then slows down to a 110 beats per minute at age 
2 years, and to 75 beats per minute at adolescent age.

K E Y FAC T S

• The average heart rate at birth is approximately 130 
beats per minute.

• One month after birth it tends to increase to about 150 
beats per minute.

• It slows down to 110 beats per minute at age 2 years.
• Average heart rate is 75 beats per minute at 

adolescent age.

R E F E R E N C E S

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:18–9.

Fleming S, Thompson M, Stevens R, et al. Normal ranges of heart rate 
and respiratory rate in children from birth to 18 years: a systematic 
review of observational studies. Lancet. 2011;377(9770):1011–8.

57. ANSWER: A

Transitional physiology of the cardiovascular system is 
a well-read topic in medicine starting early on in medical 
school. What may not be clear, however, are the clinical 
implications of transitional physiology in the very recently 
born infant up until the fetal circulation completely recedes. 
For the pediatric anesthesiologist, the following factors are 
relevant during transitional physiology:

Ductus arteriosus. The ductus arteriosus connects 
the left pulmonary artery to the aortic arch just distal 
to the left subclavian artery. In the fetal circulation, it 
directs 90% of blood away from the lungs. After birth, 
the drop in pulmonary vascular resistance raises left 
ventricular pressure over right ventricular pressure, 
such that oxygenated blood actually flows toward 
the pulmonary artery until the increased PO

2
 causes 

prostaglandins to be released, which tamponade the 
ductus and lead to its closure. This occurs in the first 
few days of life and is relevant because hypoxia is 
physiologically not likely to be attributable to the PDA.

Ductus venosus. The ductus venosus shunts blood 
away from the generating liver in the fetal circulation. 

Following birth, the low-pressure placental sink 
disappears from the circulation and the ductus venosus 
closes. Like the ductus arteriosus, this takes up to 
4 days and may result in decreased hepatic clearance of 
medications (e.g., paralytics and opiates).

Foramen ovale. As with the ductus arteriosus, the 
fall in pulmonary vascular resistance leads to a higher 
left- than right-sided pressure, which tamponades the 
foramen ovale closed. However, at least a quarter of the 
adult population maintains a patent foramen ovale, 
which can have consequences, especially in conditions 
where right-to-left flow is possible.

Of key importance to the anesthesiologist, acidosis 
and hypoxia can cause a reversal in the transitional 
circulation changes mentioned earlier. Specifically, 
acidosis and hypoxia cause pulmonary arterial dilation, 
which can revert the circulation to the fetal circulation 
(as pertains to the ductus arteriosus and foramen 
ovale). Compounding hypoxia can ensue as more blood 
shunts to the pulmonary arteries, leading to hypoxemic 
arrest.

K E Y FAC T S

• The ductus arteriosus connects the left pulmonary artery 
to the aortic arch just distal to the left subclavian artery.

• The ductus venosus shunts blood away from the 
generating liver in the fetal circulation.

• Acidosis and hypoxia can cause a reversal in the 
transitional circulation changes.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:362–5.

58. ANSWER: C

SVT is seen on ECG as a narrow-complex tachycardia and 
is the most common tachyarrythmia in infants. The treat-
ment of choice is adenosine, which usually terminates the 
arrhythmia. Due to adenosine’s extremely short half-life (on 
the order of seconds), it must be administered rapidly and 
chased to ensure it reaches the heart as quickly as possible. 
Unstable SVT can be treated with synchronized car-
dioversion (1 J/kg) and esmolol (100 µg/kg). Magnesium 
is the treatment of choice for torsades de pointes and is a 
second-line SVT treatment modality. Defibrillation is the 
treatment of pulseless ventricular tachycardia and ventricu-
lar fibrillation, which occur infrequently in children but are 
lethal if untreated.
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SVT and atrial fibrillation are also the most com-
mon intrauterine tachyarrythmias. These tachyar-
rythmias are often incidental findings on prenatal fetal 
ultrasound. Without treatment, there is a risk of fetal 
hydrops. Treatments include maternal digoxin, amioda-
rone, and sotalol.

K E Y FAC T S

• SVT is seen on ECG as a narrow-complex tachycardia 
and is the most common tachyarrythmia in infants.

• The treatment of choice is adenosine, which usually 
terminates the arrhythmia.

• Unstable SVT can be treated with synchronized 
cardioversion (1 J/kg) and esmolol (100 µg/kg).

• Magnesium is the treatment of choice for torsades de 
pointes and is a second-line SVT treatment modality.

• Defibrillation is the treatment of pulseless ventricular 
tachycardia and ventricular fibrillation, which occur 
infrequently in children but are lethal if untreated.

R E F E R E N C E S

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th edition. Philadelphia, PA: Saunders; 2009:843–4.

Shah A, Moon-Grady A, Bhogal N, et  al. Effectiveness of sotalol as 
first-line therapy for fetal supraventricular tachyarhythmias. Am J 
Cardiol. 2012;109(11):1614–8.

59. ANSWER: B

There are four major volatile and gas anesthetics available in 
the United States for anesthetic purposes, each of which has 
some cardiovascular effects. Importantly, all the volatiles 
share their ability to lower SVR, which may have major 
implications for induction of unstable children, particularly 
infants. Cardiovascular collapse can occur with induction. 
Sevoflurane, which has supplanted the others in pediatric 
practice because it is tolerated for inhalation induction, has 
mild effects on heart rate or contractility at 1.0 to 1.5 MAC. 
At higher concentrations, sevoflurane causes myocardial 
depression, depressed respiratory drive, and decreased 
SVR. Induction with sevoflurane can raise PVR indirectly 
if hypercarbia and hypoxia develop. Desflurane has a very 
useful fast onset and offset, but it causes cough and airway 
irritation. Isoflurane has more pronounced cardiovascular 
effects in infants during induction, lowering ejection frac-
tion and stroke volume in normal infants and in those with 
CHD (by up to 38%). It also causes laryngospasm in 20% 
or more infants. Nitrous oxide would be contraindicated 
in a bypass case because it will cause the expansion of gas 
bubbles; this could cause significant trouble in de-airing 
the vascular system following separation from bypass and 

risk of air embolism. Nitrous oxide is more soluble in blood 
than nitrogen. Thus, nitrogen will diffuse out of gas bubbles 
more slowly than nitrous oxide will diffuse in, leading to 
bubble expansion.

K E Y FAC T S

• All the volatiles share their ability to lower SVR.
• Sevoflurane, which has supplanted the others in 

pediatric practice because it is tolerated for inhalation 
induction, has mild effects on heart rate or contractility 
at 1.0 to 1.5 MAC.

• Desflurane has a very useful fast onset and offset, but it 
causes cough and airway irritation.

• Isoflurane has more pronounced cardiovascular effects 
in infants during induction, lowering ejection fraction 
and stroke volume in normal infants and in those with 
CHD (by up to 38%).

• Nitrous oxide is more soluble in blood than nitrogen. 
Thus, nitrogen will diffuse out of gas bubbles more 
slowly than nitrous oxide will diffuse in, leading to 
bubble expansion.

R E F E R E N C E S

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th edition. Philadelphia, PA: Saunders; 2009:339.

Weiss SJ, Ochronch EA, Chapter 54:Thoracic anesthesia. In: Longnecker 
DE, Brown DL, Newman MF, Zapol WM. Anesthesiology. 2nd ed. 
New York: McGraw-Hill; 2012:950–1008.

60. ANSWER: C

Ketamine is a powerful analgesic and anesthetic agent 
used in induction and pain control in pediatrics. It has 
many well-known side effects, such as hypersalivation, 
dysphoria, and increased cerebral blood flow (and therefore 
increased intracranial pressure [ICP]). It has regained pop-
ularity in recent years due to its ability to minimize opiate 
requirements and because its dysphoric effects can often be 
effectively modified with benzodiazepines or minimized by 
using lower doses. The dose is 2 mg/kg IV, 8–10 mg/kg IM; 
it can also be given orally. An infusion of 5–10 µg/kg per 
minute is sometimes used in a balanced technique.

Ketamine has important cardiovascular side effects. It 
causes central sympathetic activation as well as catechol-
amine release, which can significantly increase heart rate, 
blood pressure, and cardiac output. In clinically signifi-
cant aortic stenosis, tachycardia is dangerous because of the 
need for adequate time for ventricular volume offloading. 
Furthermore, the catecholamine release could precipitate 
arrhythmias, which could lead to hemodynamic instability 
or collapse. Ventricular fibrillation is a possibility. Finally, 
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patients with CHF may do poorly with ketamine, since 
CHF patients already exist in a catecholamine-depleted 
state and may not be able to tolerate further depletion from 
ketamine.

K E Y FAC T S

• Ketamine is a powerful analgesic and anesthetic agent 
used in induction and pain control in pediatrics.

• It has many well-known side effects, such as 
hypersalivation, dysphoria, and increased cerebral blood 
flow (and therefore increased ICP).

• Ketamine has important cardiovascular side effects and 
causes a catecholamine release, which can significantly 
increase heart rate, blood pressure, and cardiac output.

R E F E R E N C E S

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:339.

Subramanium K, Subramaniam B, Steinbrook RA. Ketamine as adju-
vant analgesic to opioids: a quantitative and qualitative systematic 
review. Anesth Analg. 2004;99:482–95.

61. ANSWER: A

Hypertrophic cardiomyopathy (HCM) is a class of ven-
tricular diseases in which there is myocardial thickening. 
The incidence is 1 in 500, and patients typically present 
in late childhood or early adulthood. The disease pres-
ents silently, with a range of cardiac symptoms (from 
dyspnea to chest pain and palpitations), and with exercise 
intolerance. HCM can exist with or without left ventricu-
lar outflow tract obstruction. When LVOT obstruction 
is present, the anterior leaflet of the mitral valve can be 
pulled into the outflow tract and this motion obstructs for-
ward flow (systolic anterior motion [SAM]). Tachycardia 
and volume depletion can further diminish forward flow. 
Treatment, therefore, is based on restoration of intravas-
cular volume, controlling heart rate, and maintaining SVR 
to maintain preload. In this hemodynamically unstable 
patient, esmolol would be an appropriate choice to lower 
heart rate and improve forward flow. Long-term surgical 
treatment options include surgery (e.g., myotomy, myec-
tomy, cardioverter/defibrillator implantation, and cardiac 
transplantation).

The other types of cardiomyopathy seen in children 
are dilated cardiomyopathy and restrictive cardiomyopa-
thy. Dilated cardiomyopathy can be caused by a wide range 
of derangements. Treatment of children with dilated car-
diomyopathy involves fluid restriction/diuresis, inotropic 
support, and ventilatory support. Finally, restrictive car-
diomyopathy involves a filling deficit due to abnormally 

stiffened ventricles. Management is similar to HCM 
patients; anticoagulation may be indicated.

K E Y FAC T S

• Hypertrophic cardiomyopathy (HCM) is a class of 
ventricular diseases in which there is myocardial 
thickening.

• The disease presents silently, with a range of cardiac 
symptoms (from dyspnea to chest pain and palpitations), 
and with exercise intolerance.

• When LVOT obstruction is present, the anterior leaflet 
of the mitral valve can be pulled into the outflow tract, 
and this motion obstructs forward flow (SAM).

• Treatment, therefore, is based on restoration of 
intravascular volume, controlling heart rate, and 
maintaining SVR to maintain preload.

• The other types of cardiomyopathy seen in children are 
dilated cardiomyopathy and restrictive cardiomyopathy.

R E F E R E N C E S

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th edition. Philadelphia, PA: Saunders; 2009:295–8.

Poliac LC, Barron ME, Maron BJ. Hypertrophic cardiomyopathy. 
Anesthesiology. 2006;104:183–92.

62. ANSWER: B

There are several important cardiac lesions associ-
ated with Down syndrome. The most common (50%) is 
endocardial cushion defects. Specifically, this can mean 
a complete lack of septum and one AV valve (resulting in 
single-ventricle physiology) or a partial lack of septum, 
which results in ASD alone or ASD with VSD. The more 
serious lesions would likely have a corresponding clinical 
history; echocardiogram should be obtained to evaluate 
murmurs that may represent undiagnosed septal defects. 
The other common possible defects are Tetralogy of Fallot 
(discussed elsewhere) and PDA.

An isolated VSD is likely to be a left-to-right shunt. 
Over time, the increased load on the right ventricle can 
cause hypertrophy and the pressures achieved in the 
right heart can reverse the shunt (Eisenmenger’s syn-
drome). However, this usually manifests in the fourth or 
fifth decade of life. In a young patient, the VSD is not 
likely to be cyanotic. Left-to-right shunts do not cause 
clinically meaningful delays in induction, although 
theoretically they cause a clinically neglible increase in 
circulating time.

In right-to-left shunts, induction is faster by IV since 
the pulmonary reservoir is circumvented and more anes-
thetic can circulate directly to the brain.
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K E Y FAC T S

• There are several important cardiac lesions associated 
with Down syndrome. The most common (50%) is 
endocardial cushion defects.

• Echocardiogram should be obtained to evaluate 
murmurs that may represent undiagnosed septal defects.

• The other common possible defects are Tetralogy of 
Fallot (discussed earlier) and PDA.

• An isolated VSD is likely to be a left-to-right shunt.
• In right-to-left shunts, induction is faster by IV since 

the pulmonary reservoir is circumvented and more 
anesthetic can circulate directly to the brain.

R E F E R E N C E S

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th edition. Philadelphia, PA:  Saunders; 
2009:303, 371.

Hensley FA, Gravlee GP, Martin DE, eds. A Practical Approach to 
Cardiac Anesthesia. Philadelphia, PA:  Lippincott, Williams & 
Wilkins; 2012:391.

63. ANSWER: B

Pulmonary vasculature development is not complete 
at birth, and it takes a few years for many physiologic and 
anatomic changes to occur for pulmonary vasculature 
to mature to adult levels. Immediately at birth newborn 
lungs contain fewer arterioles, and they have much 
thicker media smooth muscle than those of adults. As 
long as lung oxygenation and ventilation after birth pro-
ceed unimpeded, pulmonary vascular resistance continues 
to diminish.

During the first few years of life, pulmonary arterioles 
become mature. Over that time the pulmonary arterioles 
undergo a rapid proliferation, and as a consequence of 
this, the alveoli-to-arterioles ratio decreases from 20:1 at 
birth to 6:1 in adulthood. In addition to increased pro-
liferation, arterioles undergo structural changes as well. 
At birth, pulmonary arterioles contain a thick smooth 
muscle in their media layer. Over a few years that thick 
muscle layer thins out. In addition, arteriole smooth muscle 
at birth extends only up to the respiratory bronchiole level 
distally. By the age of 2 years, smooth muscle in the media 
layer proliferates down to alveolar duct level, and in adults 
it finally extends all the way down to alveolar wall level. 
Thus, adult pulmonary arterioles as compared to neo-
nates contain a thinner layer of media muscle that extends 
much further along the blood vessels toward the alveoli. 
Lungs that have to face increased volume or pressure load 
as a result of congenital heart disease, such as unrestricted 
VSD, undergo specific changes. Namely, their arteriole 
numbers do not increase as markedly as in unaffected lung 

(alveoli-to-arterioles ratio remains 25:1). Arterioles that 
face an increased blood volume and pressure retain 
their thick muscle layer in the media, and the thick arte-
riolar muscle extends all the way down in the vessels to the 
alveolar level.

Persistent fetal circulation is a condition where, due 
to a significant pulmonary hypertension episode, the right 
ventricle may develop diastolic dysfunction and, as a result 
of this, a right-to-left shunt might occur. If this condition 
persists, it can produce a life-threatening hypoxia that 
might necessitate the use of pulmonary vasodilators, such 
as inhaled nitric oxide. In most severe cases, extracorpo-
real membrane oxygenation (ECMO) treatment modality 
might be a life-saving option.

K E Y FAC T S

• Pulmonary vasculature development is not complete at 
birth, and it takes a few years for many physiologic and 
anatomic changes to occur for pulmonary vasculature to 
mature to adult levels.

• Immediately at birth newborn lungs contain fewer 
arterioles and have much thicker media smooth muscle 
than those of adults.

• Over time, the pulmonary arterioles undergo a 
rapid proliferation, and as a consequence of this, the 
alveoli-to-arterioles ratio decreases from 20:1 at birth to 
6:1 in adulthood.

• By the age of 2 years, smooth muscle in the media layer 
proliferates down to alveolar duct level, and in adults it 
finally extends all the way down to alveolar wall level.

• Thus, adult pulmonary arterioles as compared to 
neonates contain a thinner layer of media muscle that 
extends much further along the blood vessels toward the 
alveoli.

• Arterioles that face an increased blood volume and 
pressure retain their thick muscle layer in the media, and 
the thick arteriolar muscle extends all the way down in 
the vessels to the alveolar level.

R E F E R E N C E S

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th edition. Philadelphia, PA:  Saunders; 
2009:13–4, 361–6.

Rabinovitch M, Haworth SG, Castaneda AR, et  al. Lung biopsy in 
congenital heart disease:  a morphometric approach to pulmonary 
vascular disease. Circulation. 1978;58:1107.

64. ANSWER: D

The neonatal heart has many differences as compared to 
the developed adult heart. Neonatal myocardium exhibits 
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a paucity of myocytes (30% vs. 60%, in adult heart), and 
they are less organized and contain fewer mitochondria. 
Signaling pathways in the neonatal myocardium are also 
immature. A  paucity of sarcoplasmic reticulum in concert 
with immature T tubule network makes neonatal myo-
cardium quite dependent on extracellular ionized calcium 
concentration. Thus, calcium-chelating substances, such 
as albumin and other blood products, might have a more 
dramatic depression of neonatal heart contractility as com-
pared to the adult myocardium. Both right and left ven-
tricles during the neonatal period demonstrate similar 
pressure-volume compliance curves, and this ventricular 
interdependence potentially makes the neonatal heart 
more likely to develop biventricular failure under stress. 
Although in neonates cardiac output is very sensitive to 
alterations in heart rate, Doppler echocardiographic stud-
ies have revealed that even fetal hearts can increase stroke 
volume in response to metabolic demand under normal 
physiologic conditions. In addition to differences in the con-
tractile network, there is a marked misbalance in the effect 
of both autonomic nervous systems on neonatal myocar-
dium. Since the parasympathetic system matures rapidly 
within days after birth, its effect is more pronounced on 
neonatal myocardium than that of the sympathetic system, 
which completes its maturation during the infancy period. 
Therefore, neonates’ hearts are more prone to exhibit signs of 
parasympathetic system activity when under stress.

K E Y FAC T S

• Neonatal myocardium exhibits a paucity of myocytes 
(30% vs. 60%, in adult heart); they are less organized 
and contain fewer mitochondria.

• Signaling pathways in the neonatal myocardium are also 
immature.

• Thus, calcium-chelating substances, such as albumin 
and other blood products, might have a more dramatic 
depression of neonatal heart contractility as compared to 
the adult myocardium.

• Both right and left ventricles during the neonatal period 
demonstrate similar pressure-volume compliance curves, 
and this ventricular interdependence potentially makes 
the neonatal heart more likely to develop biventricular 
failure under stress.

• Neonates’ hearts are more prone to exhibit signs of 
parasympathetic system activity when under stress.

R E F E R E N C E S
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Romero T, Covell J, Friedman WF. A comparison of pressure-volume 
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1972;222:1285.

Slesnick TC, Gertler R, Miller-Hance WC. Essentials of cardiol-
ogy. Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia 
for Infants and Children. 4th edition. Philadelphia, PA:  Saunders; 
2009:293–330.

65. ANSWER: B

A classic question on the boards relates to the inability of 
inotropes to raise cardiac output in neonates and infants. 
While there is likely to be a small amount of room to increase 
inotropy, the clinical effect of cardioactive medications 
is more a result of raising rate than augmenting myocardial 
inotropy. The reason that heart rate is the main determinant 
of cardiac output has to do with the architecture of the infant 
heart. An infant has stiff, poorly compliant myocardium. 
The architecture does not allow for stretch, so the stroke vol-
ume is relatively fixed. Inotropes are therefore less effective 
in generating additional squeeze. This poor compliance also 
leads to an inability to handle any additional volume com-
ing into the heart. Since the input and output are relatively 
static, an increase in heart rate has a significantly more pro-
nounced effect on cardiac output than an increase in infant 
heart contractility. The infant heart can be thought to sit 
along the flat part of the Frank-Starling curve.

K E Y FAC T S

• While there is likely to be a small amount of room to 
increase inotropy in neonates and infants, the clinical 
effect of cardioactive medications is more a result of 
raising rate than augmenting myocardial inotropy.

• An infant has stiff, poorly compliant myocardium.
• The architecture does not allow for stretch, so the stroke 

volume is relatively fixed.
• Since the input and output are relatively static, 

an increase in heart rate has a significantly more 
pronounced effect on cardiac output than an increase in 
infant heart contractility.

R E F E R E N C E S

Bernstein D. Chapter 436, Heart failure. In: Kliegman RM, Stanton 
BF, St. Gemell JW, Schor NF, Behrman RE, eds. Nelson Textbook of 
Pediatrics. 19th ed. Philadelphia, PA: Elsevier Saunders; 2011:1638.

Hensley FA, Gravlee GP, Martin DE, eds. A Practical Approach to 
Cardiac Anesthesia. Philadelphia, PA:  Lippincott, Williams & 
Wilkins; 2012:394.

66. ANSWER: C

The ductus arteriosus (DA) is a large vascular channel 
that connects pulmonary artery and the beginning of 
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descending aorta. Its media is rich with smooth muscle 
cells. DA patency during fetal life is maintained via effect 
of prostaglandins (PGE1 and PGI2), which are being pro-
duced in placenta as well as intramurally. 12 hours after 
birth, the DA starts undergoing functional closure by 
contracting its smooth muscles in response to increased 
partial oxygen pressure and decreased concentration of 
PGE1. At approximately 3 weeks of age, full-term infants 
undergo anatomical closure of the DA via fibrosis. The 
neonate in this case appears to have Tetralogy of Fallot 
(TOF). This congenital cardiac defect (CHD) is the most 
common among cyanotic defects and estimated to com-
prise up to 11% of all cyanotic CHD. It is not unusual for 
TOF to be accompanied by other extracardiac anomalies 
such as Trisomy 21 and DiGeorge syndrome (as in the 
infant described earlier). Intracardiac defects in TOF 
include right ventricular outflow tract (RVOT) obstruc-
tion, right ventricular hypertrophy, VSD, and an over-
riding aorta. If RVOT obstruction is severe, patent DA 
acts as the main pathway for blood delivery from aorta to 
pulmonary circulation. PGE1 is often used to maintain 
ductal patency in CHD that depend on it, for example, 
critical aortic stenosis, interrupted aortic arch, hypo-
plastic left heart syndrome, and pulmonary or tricuspid 
atresia, as well as severe TOF. PGE1 treatment carries 
some significant side effects, such as systemic hypoten-
sion, CNS irritability, higher risk of developing infec-
tion, and significant apnea. It is common to have infants 
intubated when treated with PGE1. Inhaled nitric oxide 
(NO) is a specific pulmonary vasodilator and is used to 
treat neonates with persistent pulmonary hypertension as 
well as in the postoperative period after repair of various 
CHD. Systemic effects of inhaled NO are very minimal 
due to its rapid reaction with oxyhemoglobin and, as a 
result, inactivation. Serum methemoglobin levels have 
to be monitored in patients who are treated with inhaled 
NO. Intravenous prostacyclin infusion has been used for 

many years in patients with primary pulmonary hyperten-
sion or to treat this condition in children with CHD. It 
effectively lowers pulmonary arterial pressure, while at 
the same increasing cardiac output. Due to prostacyclin’s 
brief half-life in blood (1–2 minutes) and relative instabil-
ity in room temperature, a central line access is required 
for this therapy. Epinephrine due to its agonist effect on 
alpha, beta-1, and beta-2 adrenergic receptors can signifi-
cantly increase heart rate and systolic blood pressure, as 
well as exert inotropic effect. Even at moderate doses, epi-
nephrine has a vasoconstrictive effect, and its use in this 
case would be undesirable, since the goal for this patient is 
to maintain a patent DA until surgical correction will be 
performed.

K E Y FAC T S

• The ductus arteriosus (DA) is a large vascular channel 
that connects pulmonary artery and the beginning of 
descending aorta.

• DA patency during fetal life is maintained via effect 
of prostaglandins (PGE1 and PGI2), which are being 
produced in placenta as well as intramurally.

• 12 hours after birth, the DA starts undergoing 
functional closure by contracting its smooth muscles 
in response to increased partial oxygen pressure and 
decreased concentration of PGE1.

• At approximately 3 weeks of age, full-term infants 
undergo anatomical closure of the DA via fibrosis.

• PGE1 is often used to maintain ductal patency in 
CHD that depend on it, for example, critical aortic 
stenosis, interrupted aortic arch, hypoplastic left heart 
syndrome, and pulmonary or tricuspid atresia, as well as 
severe TOF.

• PGE1 treatment carries some significant side effects, 
such as systemic hypotension, CNS irritability, higher 
risk of developing infection, and significant apnea.

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA:  Saunders; 2009; 345, 
377, 383.

67. ANSWER: A

Intraoperative echocardiography is employed widely dur-
ing pediatric cardiac surgery. CHD occurs in up to 1% 
of the population, and TEE can be invaluable in char-
acterizing CHD lesions, planning surgical correction, 
intraoperative monitoring of contractility, and evaluat-
ing intraoperative concerns like residual air. Figure  5.3 
shows a prominent atrial septal defect. The view is a 
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Pediatrics. 19th ed. Philadelphia, PA: Saunders; 2011:436.)
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midesophageal four-chamber view. This is often the start-
ing point in TEE examinations, and it shows each of the 
four chambers, as well as the mitral valve, tricuspid valve, 
and the interatrial and interventricular septae. In the view 
above, a septal defect is seen between the right and left 
atrium.

Atrial septal defects make up about 10% of CHD. 
The majority of ASDs (70%–80%) are ostium secundum 
lesions, which arise in the fossa ovale (in the middle of the 
interatrial septum). Since ASDs cause left-to-right shunt-
ing, they are often asymptomatic. In fact, up to 20% may 
close spontaneously during the first year of life if they 
are small (below 3 mm). However, persistent ASDs lead to 
right atrial and ventricular enlargement and can eventu-
ally be complicated by pulmonary hypertension and right 
heart failure. Patients can also be predisposed to bacterial 
endocarditis and stroke. Repair can be performed either 
using sternotomy and cardiopulmonary bypass or via cath-
eter through the femoral artery. If a catheter is used, devices 
such as the Amplatzer device employ a disc on either side 
of the septum and pull together to close the defect. Over 
time, the device is endothelialized. Indications for repair 
include RV failure or overload, Qp/Qs > 2, or elective 
closure.

K E Y FAC T S

• CHD occurs in up to 1% of the population, and TEE 
can be invaluable in characterizing CHD lesions, 
planning surgical correction, intraoperative monitoring 
of contractility, and evaluating intraoperative concerns 
like residual air.

• Atrial septal defects make up about 10% of CHD.
• The majority of ASDs (70%–80%) are ostium secundum 

lesions, which arise in the fossa ovale (in the middle of 
the interatrial septum).

• Since ASDs cause left-to-right shunting, they are often 
asymptomatic.

• In fact, up to 20% may close spontaneously during the 
first year of life if they are small (below 3 mm).

• However, persistent ASDs lead to right atrial and 
ventricular enlargement and can eventually be 
complicated by pulmonary hypertension and right heart 
failure.

R E F E R E N C E S

Fischer SSF, Patteril MV. Transesophageal echocardiography for con-
genital heart disease. In: Eidem B, Cetta F, O’Leary P, eds. Manual 
and Review of Transesophageal Echocardiography. 2nd ed. New York, 
NY: McGraw Hill Medical; 2010:406–439.

Lauer R, Mathew JP. Transesophageal tomographic views. In:  Eidem 
B, Cetta F, O’Leary P, eds. Manual and Review of Transesophageal 
Echocardiography. 2nd ed. New York, NY: McGraw Hill Medical; 
2010:87–124.

Perrino AC, Reeves ST, eds. A Practical Approach to Transesophageal 
Echocardiography. New  York, NY:  Lippincott, Williams & 
Wilkins:Chapter  18:  Rouine-Rapp K, Miller-Hance WC. 
Transesophageal Echocardiography for Congenital Heart Disease 
in the Adult. 2007:, pg 366–400.

Anesthesia for patients with congenital heart disease. Wasnick JD, 
Hillel Z, Kramer D, Littwin S, Nicoara A, eds. Cardiac Anesthesia 
and Transesophageal Echocardiography. New  York, NY:  McGraw 
Hill; 2011:Chapter 12.

68. ANSWER: D

Children who have undergone cardiac surgery or trans-
catheter procedures were classically thought to be at risk 
for infectious endocarditis during dental and other invasive 
procedures due to transient bacteremia leading to coloniza-
tion of implants. The most likely organisms to cause such 
colonization are viridans streptococci, Enterococcus, or any 
number of oral and skin organisms. The recent taskforce 
recommendations from Circulation in 2007 take a different 
tack on the subject of prophylaxis, largely owing to the lack 
of evidence for previous recommendations (the 1997 guide-
lines were Level IIb recommendations and LOE C recom-
mendations according to the taskforce). Evidence linking 
dental procedures to infective endocarditis is lacking, 
and the authors of the new recommendations conclude that 
transient bacteremia is more likely to develop from everyday 
activities that cause bacteremia (e.g., tooth brushing) than 
from dental procedures.

The new guidelines, which were released in 2007, sim-
plify the recommendations. In summary, only a small 
number of children actually require prophylactic antibiot-
ics for dental and other minor procedures. Box 5.1 summa-
rizes the recommendations. Prophylaxis is indicated for 
children with prosthetic valves, history of prior endocar-
ditis, heart transplant patients with known valvulopathy, 
and specific CHD, which is indicated in the box. The new 
guidelines are based on the idea that those children at high-
est risk are those for whom infectious endocarditis would 
have the worst outcomes.

Indications for prophylaxis in children with CHD 
(adapted from the Guidelines):

1. Unrepaired cyanotic CHD, including palliative 
shunts and conduits

2. Completely repaired CHD with prosthetic material 
or device in the first 6 months after the procedure 
(after which point endothelialization occurs)

3. Repaired CHD with residual defects at or adjacent 
to the site or to a prosthetic (the defects inhibit 
endothelialization)

When prophylaxis is indicated, oral regimens of 
amoxicillin, cephalexin, clindamycin, or azithromycin 
can be used. IV regimens include ampicillin, cefazolin, 
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ceftriaxone, and clindamycin. A  single dose is indicated 
30–60 minutes prior to the procedure.

The child in this question has a graft that has endothe-
lialized by this point. She has no indication for antibiotics.

K E Y FAC T S

• Children who have undergone cardiac surgery or 
transcatheter procedures were classically thought to be 
at risk for infectious endocarditis during dental and 
other invasive procedures due to transient bacteremia 
leading to colonization of implants.

• The most likely organisms to cause such colonization 
are viridans streptococci, Enterococcus, or any number of 
oral and skin organisms.

• Evidence linking dental procedures to infective 
endocarditis is lacking and the authors of the new 
recommendations conclude that transient bacteremia 
is more likely to develop from everyday activities that 
cause bacteremia (e.g., tooth brushing) than from dental 
procedures.

• Indications for prophylaxis in children with CHD:

1. Unrepaired cyanotic CHD, including palliative 
shunts and conduits

2. Completely repaired CHD with prosthetic 
material or device in the first 6 months after the 
procedure (after which point endothelialization 
occurs)

3. Repaired CHD with residual defects at or 
adjacent to the site or to a prosthetic (the defects 
inhibit endothelialization)

R E F E R E N C E S

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:843–4.

Wilson W, Taubert KA, Gewitz M, et  al. Prevention of infective 
endocarditis:  Guidelines from the American Heart Association. 
Circulation. 2007;116:1736–54.

69. ANSWER: B

The placental circulation provides a barrier between 
maternal and fetal circulation. At the lowest cellular level, 
there are only two cell layers isolating maternal and fetal 
blood. Maternal blood travels through the spiral arteries 
into the intervillous space, where it is bound by syncitiotro-
poblast. On the fetal side, fetal capillaries allow deoxygen-
ated fetal blood from the umbilical artery to interface across 
the fetal capillary endothelium. Maternal blood never 
comes in contact with fetal blood, but material exchange 

of gases, nutrients, and waste occurs in the lacunae. (In real-
ity, some translocation of cells, proteins, and other material 
probably occurs due to imperfections.) Placental transport 
is complicated and involves mechanisms of passive and 
active transport. The major clinically significant bar-
riers to movement of anesthetic medications across the 
placenta are low lipid solubility, high ionic charge, and 
large size.

Of the drugs often given in a rapid sequence induc-
tion, the most clinically significant are probably the opi-
oids, most of which have some lipid solubility and have 
the ability to cross the membrane and produce fetal car-
diac and respiratory depression. Morphine is particularly 
problematic (although not likely to be included in an RSI). 
Remifentanil also travels into fetal circulation readily 
and could be present following a fast cesarean delivery. 
Succinylcholine is charged and is unlikely to be present in 
the newborn; even if it is, it is cleared quickly by pseudocho-
linesterase. The nondepolarizing neuromuscular block-
ers are molecularly large, charged, and do not to cross the 
placental barrier in significant quantities. Benzodiazepines 
transfer easily and can cause significant apnea. Propofol and 
ketamine also cross readily. Finally, inhalational anesthet-
ics cross freely, so minimizing the MAC of maternal inha-
lational agents is advisable.

K E Y FAC T S

• The placental circulation provides a barrier between 
maternal and fetal circulation.

• At the lowest cellular level, there are only two cell layers 
isolating maternal and fetal blood.

• Maternal blood never comes in contact with fetal blood, 
but material exchange of gases, nutrients, and waste 
occurs in the lacunae.

• The major clinically significant barriers to movement of 
anesthetic medications across the placenta are low lipid 
solubility, high ionic charge, and large size.

R E F E R E N C E S

Frölich MA. Maternal and fetal physiology and anesthesia. 
In:  Butterworth JF, Mackey DC, Wasnick JD. Morgan and 
Mikhail’s Clinical Anesthesiology. 5th ed. New York, NY: McGraw 
Hill; 2013:825–842.

Marx JA, Hockberger RS, Walls RM. Rosen’s Emergency Medicine. 8th 
ed. New York, NY: Elsevier; 2013:2316–30.

Rodeck CH, Whittle, MJ, Queenan J. Fetal Medicine: Basic Science and 
Clinical Practice. 2nd ed. New  York, NY:  Churchill Livingstone; 
2009:97–109.

70. ANSWER: B

Bupivicaine is a useful local anesthetic commonly used 
in peripheral nerve block and neuraxial anesthesia. It 
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is an amide anesthetic with long duration of action. 
Unfortunately, bupivicaine is well known for its potential 
to cause cardiovascular collapse when delivered intravascu-
larly. Because it has high lipid solubility, bupivicaine can 
also have systemic effects via absorption into the blood-
stream. The cardiovascular effects of bupivicaine usually 
manifest after the central nervous system effects, but in 
an anesthetized child, cardiovascular signs are the only ones 
observable. The toxicity of bupivicaine on the cardiovas-
cular system has several mechanisms, but mainly the effect 
is due to bupivicaine’s direct action on myocardial sodium 
channels.

Just as it has a high affinitiy to peripheral nerve sodium 
channels, bupivicaine also has high affinity for myocyte 
sodium channels. Bupivicaine has greatest affinity for 
depolarized sodium channels, so it binds during diastole 
and stays in the channel. This leaves the sodium chan-
nels trapped in an inactive state, leading initially to an 
increased PR interval and QRS complex followed by more 
harmful arrhythmias. Since the drug is bound strongly 
to the myocardial sodium channels, resuscitation from 
bupivicaine-induced cardiovascular collapse is challenging.

Intralipid, a lipid emulsion, is indicated for treatment 
of LAST (see Box 5.4), along with CPR and hemodynamic 
support. Cardiopulmonary bypass (or ECMO) may be 
necessary until bupivicaine dissociates enough that cardiac 
function can be restored.

K E Y FAC T S

• Bupivicaine is well known for its potential to cause 
cardiovascular collapse when delivered intravascularly.

• The cardiovascular effects of bupivicaine usually 
manifest after the central nervous system effects, but in 
an anesthetized child, cardiovascular signs are the only 
ones observable.

• The toxicity of bupivicaine on the cardiovascular system 
has several mechanisms, but mainly the effect is due 
to bupivicaine’s direct action on myocardial sodium 
channels.

• Intralipid, a lipid emulsion, is indicated for treatment 
of LAST (see ASRA excerpt, Box 5.4), along with CPR 
and hemodynamic support.

R E F E R E N C E S

Clarkson CW, Hondeghem LM. Mechanism for bupivacaine depres-
sion of cardiac conduction:  fast block of sodium channels during 
the action potential with slow recovery from block during diastole. 
Anesthesiology. 1985;62:396–405.

Khatri KP, Rothschild L, Oswald S, Weinberg G. Current concepts in 
the management of systemic local anesthetic toxicity. Adv Anesth. 
2010;28:147–59.

Neal JM, Bernards CM, Butterworth JF 4th, et  al. ASRA practice 
advisory on local anesthetic systemic toxicity. Reg Anesth Pain Med. 
2010;35(2):152–61.

71. ANSWER: C

Pediatric heart transplantation occurs at a rate of 
approximately 400 per year, for a wide variety of indica-
tions but mainly for CHD cardiomyopathy. Survival 
following heart transplant is best for infants (19.7 years 
median survival) and progressively worse as age increases. 
Survival falls to 16.8  years for children transplanted 
between 1 and 5 years of age, 14.5 years for those trans-
planted between 6 and 10 years, and 12.4 years for those 
11 years old and older.

During the initial posttransplantation period, the 
major cause of death is graft failure and surgical techni-
cal problems (30%), followed by multiorgan failure (16%), 
infection (14%), and rejection (12%). At 10 years, graft fail-
ure continues to be the major cause of death (31%), but cor-
onary artery disease is the second most prominent (26%).

Box 5.4 FOR PATIENTS EXPERIENCING SIGNS 

OR SYMPTOMS OF LOCAL ANESTHETIC 

SYSTEMIC TOXICITY (LAST)

• Get help

• Initial focus
o Airway management: ventilate with 100% oxygen
o Basic and advanced cardiac life support (BLS/ACLS) 

may require prolonged effort

• Infuse 20% lipid emulsion (values in parentheses are for a 
70 kg patient)
o Bolus 1.5 mL/kg (lean body mass) intravenously over 

1 min (~100 mL)
o Continuous infusion at 0.25 mL/kg per minute  

(~18 mL/min; adjust by roller clamp)
o Repeat bolus once or twice for persistent cardiovascular 

collapse
o Double the infusion rate to 0.5 mL/kg per minute if 

blood pressure remains low
o Continue infusion for at least 10 minutes after attaining 

circulatory stability
o Recommended upper limit: approximately 10 mL/kg 

lipid emulsion over the first 30 minutes
• Avoid vasopressin, calcium channel blockers, β-blockers, 

or local anesthetic

• Alert the nearest facility having cardiopulmonary bypass 
capability

• Avoid propofol in patients having signs of cardiovascular 
instability

• Post LAST events at www.lipidrescue.org and report use 
of lipid to www.lipidregistry.org

SOURCE: From Neal JM, Bernards CM, Butterworth JF IV, et al. ASRA 
practice advisory on local anesthetic systemic toxicity. Reg Anesth Pain Med. 
2010;35:152–61.
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There are several anesthetic concerns for a patient who 
has undergone heart transplantation. The first is the poten-
tial for cardiovascular disease, necessitating careful induc-
tion to preserve coronary perfusion pressure. The second 
is avoidance of using the right internal jugular vein, since 
this is used for periodic invasive myocyte biopsy. Third, the 
implanted heart is denervated so many of the typical cardio-
vascular medications will not work (specifically, atropine, 
glycopyrrolate, and ephedrine are ineffective). Finally, one 
should be mindful of the major morbidities that evolve in 
these patients, which include hypertension, chronic kidney 
disease, diabetes, and hyperlipidemia.

K E Y FAC T S

• Pediatric heart transplantation occurs at a rate of 
approximately 400 per year, for a wide variety of 
indications but mainly for CHD cardiomyopathy.

• Survival following heart transplant is best for infants 
(19.7 years median survival) and progressively worse as 
age increases.

• During the initial posttransplantation period, the major 
cause of death is graft failure and surgical technical 
problems (30%), followed by multiorgan failure (16%), 
infection (14%), and rejection (12%).

• At 10 years, graft failure continues to be the major cause 
of death (31%), but coronary artery disease is the second 
most prominent (26%).

R E F E R E N C E S

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:618–24.

Dipchand AI, Kirk R, Edwards LB, et al. The Registry of the International 
Society for Heart and Lung Transplantation:  Sixteenth Official 
Pediatric Heart Transplantation Report--2013; focus theme: age. J 
Heart Lung Transplant. 2013;32(10):979–88.

72. ANSWER: C.

In normal children, succinylcholine predictably raises 
the serum potassium concentration by about 1 mEq/L 
per dose. Despite its ideal pharmacokinetics for quickly 
achieving good intubating conditions (i.e., onset of <30 
seconds, total paralysis with short duration, etc.), there 
are a variety of reasons why succinylcholine is often 
avoided in children. The first is that clinically significant 
bradyarrythmias can develop, sometimes with asystole. 
Pretreatment with atropine 0.01–0.02 mg/kg is helpful 
in limiting bradyarrythmias. The second is that children 
with neuromuscular diseases (which may not have yet 
been diagnosed in a very young child) have an increased 
number of neuromuscular receptors. Succinylcholine 

administration to these patients can lead to an excessive 
rise in potassium beyond the expected 1 mEq/L. In 
the case of burns, denervation from injury causes a reflex 
hyperproliferation of receptors as well, although this would 
not yet have happened in the patient in this question. This 
proliferation likely takes at least a few days to weeks, so suc-
cinylcholine is not contraindicated in new burn patients 
but would be contraindicated starting a few days after the 
injury (and continuing months to perhaps years after the 
injury). Similarly, patients who have suffered denerva-
tion (i.e., from spinal injuries) or who have been bedridden 
also have increased numbers of neuromuscular receptors 
and can become hyperkalemic.

Rocuronium is a good choice for RSI in a burn patient. 
A  breathe-down induction could be considered, although 
the airways may be irritable from smoke and a breathe-down 
could be poorly tolerated. A standard induction with propofol 
and a neuromuscular blocker with a normal onset of action 
like cisatracurium is a poor choice, as this child should be con-
sidered a full stomach and requires a rapid sequence induction.

Treatment of hyperkalemic arrest in a child relies on 
stabilizing the myocardium with calcium chloride (10 mg/
kg) or gluconate (30 mg/kg), lowering the potassium con-
centration with insulin, correcting acidosis with bicarbon-
ate and hyperventilation, and CPR with epinephrine until 
the potassium levels normalize and sinus rhythm returns. 
Defibrillation without correcting the hyperkalemia is 
unlikely to be successful.

K E Y FAC T S

• In normal children, succinylcholine predictably raises 
the serum potassium concentration by about 1 mEq/L 
per dose.

• Clinically significant bradyarrythmias can develop, 
sometimes with asystole, when succinylcholine is used in 
children.

• Children with neuromuscular diseases (which may not 
have yet been diagnosed in a very young child) have 
an increased number of neuromuscular receptors, and 
succinylcholine administration to these patients can lead 
to an excessive rise in potassium.

• In patients with burns, denervation from injury causes 
a reflex hyperproliferation of receptors that can lead to 
an excessive rise in potassium beyond the expected 1 
mEq/L after administration of succinylcholine.

R E F E R E N C E S

Neuromuscular blocking agents. Butterworth JF, Mackey DC, 
Wasnick JD, eds. Morgan and Mikhail’s Clinical Anesthesiology. 4th 
ed. New York, NY: McGraw-Hill; 2013:199–222.

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th ed. Philadelphia, PA:  Saunders; 
2009:127–8, 724–6.
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73. ANSWER: B

There are several distinct changes in normal ECG pat-
tern that occur with age. In early infancy, PR intervals 
are slightly shorter (0.1 second) than in adolescence (0.14 
second). QRS complex duration is also shorter in infancy. 
As a child reaches adolescence, his or her QRS complex 
becomes slightly wider than that during infancy; however, 
under normal development its duration does not exceed the 
normal QRS span of 0.1 second. Another common physi-
ologic finding during the intrauterine development is a 
relative right ventricular hypertrophy, which heralds 
itself as a right axis deviation on ECG in newborns. After 
birth, as the left ventricle muscle mass rapidly outgrows 
its right-sided counterpart, ECG axis shifts and assumes 
the left-ward direction. That change occurs already within 
the first month of postnatal period. T waves, on the other 
hand, undergo a bimodal transformation during child-
hood. In early newborns they have an upward incline, 
which during the first hours of life rapidly transitions to an 
isoelectric pattern. By the end of the first postnatal week, 
T waves exhibit an inverted pattern, mostly notable 
in the right-sided precordial leads (V1 through V4). If T 
wave inversion fails to occur during the first week of life, 
right ventricular hypertrophy should be suspected. Infants 
who suffer from significant chronic pulmonary disease 
might also demonstrate inverted T waves as a result of right 
ventricular hypertrophy caused by pulmonary hyperten-
sion. This normal inverted T wave pattern lasts into ado-
lescence, when T waves again revert to an upright position 
in the right-sided ECG leads. In all other aspects, ECG of 
a normal child at age 3 to 8 years already is identical to that 
of an adult with the exception of right precordial T waves.

K E Y FAC T S

• There are several distinct changes in normal ECG 
pattern that occur with age.

• In early infancy, PR intervals are slightly shorter (0.1 
second) than in adolescence (0.14 second).

• QRS complex duration is also shorter in infancy.
• As a child reaches adolescence, his or her QRS complex 

becomes slightly wider than that during infancy.
• Another common physiologic finding during the 

intrauterine development is a relative right ventricular 
hypertrophy, which heralds itself as a right axis deviation 
on ECG in newborns.

• By the end of first postnatal week, T waves exhibit 
an inverted pattern, mostly notable in the right-sided 
precordial leads (V1 through V4).

R E F E R E N C E

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 19.

74. ANSWER: C

Propofol is a hypnotic agent that is quite hydrophobic 
and for the purpose of making it more water soluble is for-
mulated as 10% intralipid, containing 1% propofol, 10% 
soybean oil, 2.25% glycerol, and 1.25% ovolecithin (egg yolk 
phosphatide). To decrease microbial growth and to main-
tain its pH in the range of 7.0 to 8.5, sodium hydroxide 
and ETDA have been added. Generic propofol contains 
metabisulfite as the antimicrobial substance. In 1992, five 
deaths in pediatric patients were reported in children who 
had been sedated with propofol infusions. All these children 
developed acute myocardial failure accompanied by meta-
bolic acidosis. These and other children reported in later 
studies were previously healthy and sustained brain injury 
due to hypoxia. The most common terminal sequence in 
these patients was identified as development of lactic acido-
sis, followed by a heart failure, and ventricular arrhyth-
mias or progressive bradycardias resistant to treatment. 
Hyperkalemia and rhabdomyolysis were also found.

This collection of symptoms is known as the propofol 
infusion syndrome (PRIS). Based on findings from these 
studies, it has been suggested that a propofol infusion dose 
of more that 4 mg/kg per hour that lasts more than 48 
hours is a predictor to developing PRIS. Other factors found 
to be associated with PRIS are male gender, young patient 
age (less than 18 years), and concomitant catecholamine 
treatment. Progressive elevation of serum lactate is also 
a harbinger of developing PRIS. There are also suggestions 
that PRIS might have a genetic predisposition. On PRIS 
patients’ postmortem exam there are a few typical findings; 
myocardial and skeletal muscle necrosis is often evident. 
Since propofol is known to uncouple oxidative phosphoryla-
tion in mitochondria, various muscle tissues that have high 
oxygen requirements might be especially prone to induced 
mitochondrial dysfunction and cell death. Moreover, accu-
mulation of fatty acids as a result of mitochondria failure has 
a proarrhythmic effect on myocardium, which might also be 
a contributor in developing lethal rhythm disturbances.

K E Y FAC T S

• Propofol is a hypnotic agent that is quite hydrophobic 
and for the purpose of making it more water soluble is 
formulated as 10% intralipid, containing 1% propofol, 
10% soybean oil, 2.25% glycerol, and 1.25% ovolecithin 
(egg yolk phosphatide).

• Propofol infusion syndrome results in the 
development of lactic acidosis, followed by heart 
failure, and ventricular arrhythmias or progressive 
bradycardias resistant to treatment, hyperkalemia, and 
rhabdomyolysis.

• A propofol infusion dose more that 4 mg/kg per hour 
that lasts more than 48 hours is a predictor to developing 
PRIS, as well as male gender, young patient age (less than 
18 years), and concomitant catecholamine treatment.
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• Progressive elevation of serum lactate is also a harbinger 
of developing PRIS.

R E F E R E N C E S

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders; 2009:122.

Fong JJ, Sylvia L, Ruthazer R, et al. Predictors of mortality in patients 
with suspected propofol infusion syndrome. Crit Care Med. 
2008;36:2281–7.

Gregory GA, Andropoulos DB, eds. Gregory’s Pediatric Anesthesia. 5th 
ed. London, UK: Wiley-Blackwell; 2012:1170–1.

75. ANSWER: C

Answers A and B are incorrect because endocarditis pro-
phylaxis is only required for 6  months after repair of 
noncyanotic heart disease using prosthetic material. 
This period allows enough time for endothelialization, 
which favors laminar bloodflow and reduces the likeli-
hood that the foreign material will serve as a nidus for 
bacterial seeding. Answer D is incorrect because prophy-
laxis is only required for unrepaired cyanotic heart dis-
ease. Without high right-sided pressures, an ASD is not a 
cyanotic lesion; with left-to-right flow, this patient would 
more likely develop heart failure than cyanosis. Answer C 
is correct because a defect at the site of a prosthetic patch 
can lead to turbulent flow and bacterial seeding.

K E Y FAC T S

• Endocarditis prophylaxis is indicated for patients with 
prosthetic valves, those who have valvular disease after 
heart transplantation, patients with a prior history of 
infective endocarditis, and those with certain types of 
congenital heart disease.

• The “congenital” category includes (a) cyanotic heart 
disease, even if palliated; (b) noncyanotic disease 
repaired with prosthetic material during the first 
6 months after placement; (c) prosthetic material even 
after 6 months if there is a disruption at the site.

R E F E R E N C E

Nishimura RA, Carabello BA, Faxon DP, et  al. AAC/AHA 2008 
guideline update on valvular heart disease:  focused update on 
infective endocarditis:  a report of the American College of 
Cardiology/American Heart Association Task. J Am Coll Cardiol. 
2008;52(8):676–85.

76. ANSWER: D

There are two approaches to managing arterial blood gas 
(ABG) information in hypothermic patients: alpha-stat and 

pH-stat. Either way, the ABG sample is heated to 37°C by the 
blood gas machine. The difference is whether this warmed 
ABG data is taken at face value (alpha-stat) or whether 
an attempt is made to correct for temperature-induced 
acid-base changes (pH-stat). Alpha-stat management is 
more often used in adult heart surgery. For congenital 
heart surgery, the current trend favors pH-stat manage-
ment. Outcome data are suggestive, but not conclusive; 
at least one study suggests better neurodevelopmental out-
comes with pH-stat.

The pH-stat approach attempts to correct for 
temperature-induced alkalosis. Low temperatures force 
gas into solution, thereby reducing the PaCO

2
 and raising 

the pH. For example, at 17°C, pH = 7.6 and PaCO
2
 = 17. 

When the ABG is warmed by the machine, the sample 
becomes relatively more acidotic than it would have been 
when cold, even if the pH “only” falls to 7.4. With pH-stat 
management, the idea is to correct these warmed values so 
that the hypothermic patient actually experiences a pH of 
7.4 (rather than 7.6 in this example). To accomplish this, 
CO

2
 must be added to the bypass circuit, according to a cor-

rection based on the original (hypothermic) temperature 
and the (warmed) pH value. On cardiopulmonary bypass, 
increasing CO

2
 can be done by adding CO

2
 to the sweep gas 

mixture, or by reducing the sweep gas rate (which reduces 
the efficiency of CO

2
 removal).

In alpha-stat management, the warmed ABG values 
are used without adjustment for temperature. Thus, even 
though the hypothermic child will be alkalotic, he or she 
will be managed with a goal of achieving a pH of 7.4 at 
37°C rather than at 17°C.

Answer A  is wrong. If anything, CO
2
 will have to be 

added to the circuit to correct the hypothermic alkalosis, 
and this may involve lowering (not raising) the sweep gas 
rate or altering the sweep gas mixture. Answer B is also 
incorrect. Low temperatures force gas into solution, 
which reduces the PaCO

2
 and leads to alkalemia, not acide-

mia. Answer C is not definitively true; although pH-stat is 
used more commonly in pediatrics, outcome effects are not 
completely settled in the literature. Answer D is true. ABG 
samples are always warmed before analysis. The difference 
between alpha-stat and pH-stat involves how this warmed 
ABG data are interpreted.

K E Y FAC T S

• ABG samples are always heated to 37°C before  
analysis.

• Cold temperature forces gas into solution, reduces 
PaCO

2
, raises pH, and produces “hypothermic 

alkalosis.”
• pH-stat management involves correcting the results of 

the warmed ABG sample by adding CO
2
 (i.e., trying 

to adjust the alkalotic pH downward so that the child 
experiences a pH of 7.4 when hypothermic).
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• Although there is debate about neurodevelopmental 
outcomes, current practice favors pH-stat for children 
and alpha-stat for adults.

R E F E R E N C E S

Bellinger DC, Wypij D, du Plessis AJ, et al. Developmental and neuro-
logical effects of alpha-stat versus pH-stat strategies for deep hypo-
thermic cardiopulmonary bypass in infants. J Thorac Cardiovasc 
Surg. 2001;121:374–83.

Gertler R, Andropoulos D. Cardiopulmonary bypass. In: Andropoulos 
D, Stayer SA, Russell IA, Mossad EB, eds. Anesthesia for Congenital 
Heart Disease. 2nd ed. Chichester, UK:  Wiley-Blackwell; 
2010:109–12.

77. ANSWER: A

The Boston Circulatory Arrest Trial demonstrated a direct 
association between DHCA duration and lower neu-
rodevelopmental outcome. In that study, a duration 
of greater than 41 minutes was linked to significantly 
worsened developmental quotient. Even though some-
what longer durations may be tolerable, it is suggested that 
DHCA be limited to 20 minutes at a time (even if mul-
tiple “runs” need to be done), with time for reperfusion in 
between each 20-minute interval.

Uniform cooling is vital for brain preservation dur-
ing DHCA. Uneven distribution of regional bloodflow 
may produce nonuniform cooling despite highly con-
trolled temperature of the fluid moving through the 
bypass machine. Putting ice packs on and around the 
patient’s head during DHCA is a simple, effective way to 
facilitate even brain cooling. Other interventions thought 
to improve neurodevelopmental outcomes are also used 
(e.g., giving steroids to reduce inflammation, NMDA 
blockers like ketamine to reduce excitotoxicity, and/
or EEG suppressors like thiopental to minimize cellu-
lar metabolism). However, none of these techniques are 
accepted as definitive, and some may even generate second-
ary problems (e.g., steroid-related impairment of glucose 
homeostasis and wound healing).

Answer A  is correct; it is standard, accepted practice 
to facilitate brain cooling by using ice packs around the 
child’s head during DHCA. Answer B, methylpredniso-
lone, is sometimes used but not conclusively proven to 
improve neurological outcome after DHCA. Answer C 
is wrong because DHCA intervals should be limited to 
20 minutes at a time, not 40 minutes. Finally, Answer 
D is also incorrect. Although it is arguable that any 
DHCA may affect neurological development, the Boston 
Circulatory Arrest Trial suggests a substantial dropoff in 
neuro-outcomes after approximately 40 minutes, not 12 
minutes.

K E Y FAC T S

• Neurodevelopmental outcome is inversely proportional 
to DHCA duration, especially beyond 41 minutes.

• If possible, DHCA should be limited to one or more 
20-minute intervals.

• Keeping ice packs on the patient’s head improves the 
uniformity of cooling and brain preservation.

• Giving drugs like steroids, NMDA blockers, or 
barbiturates to patients before DHCA is sometimes 
done but is not proven to improve neurodevelopmental 
outcome.

R E F E R E N C E S

Gertler R, Andropoulos D, Cardiopulmonary bypass. In: Andropoulos 
D, Stayer SA, Russell IA, Mossad EB, eds. Anesthesia for Congenital 
Heart Disease. 2nd ed. Chichester, UK:  Wiley-Blackwell; 
2010:109–12.

Wypij D, Newburger JW, Rappaport LA, et al. The effect of duration of 
deep hypothermic circulatory arrest in infant heart surgery on late 
neurodevelopment:  the Boston Circulatory Arrest Trial. J Thorac 
Cardiovasc Surg. 2003;126:1397–1403.

78. ANSWER: C

Children with Fontan physiology are exquisitely sensi-
tive to decreases in pulmonary blood flow (PBF), which 
quickly leads to diminished cardiac output. Since the right 
side of the heart is bypassed during the Fontan, PBF 
occurs by passive drainage from the vena cavae directly 
into the pulmonary artery. The pressure driving this pas-
sive flow can be conceptualized as the difference between 
central venous pressure (CVP) and pulmonary artery (PA) 
pressure. Higher CVP and lower PA pressures favor PBF 
and vice-versa.

Ventilation strategy, via effects on pulmonary vas-
cular resistance (PVR), greatly affects PA pressure. Since 
positive-pressure ventilation reduces venous return to some 
degree, spontaneous ventilation is preferred for Fontan 
patients. However, there is a caveat: in the setting of seda-
tion or anesthesia, spontaneous ventilation may result 
in significant hypoventilation (as in this question), with 
resultant hypoxemia or acidosis increasing PA pressures and 
impeding PBF. The benefit of spontaneous ventilation on 
venous return and CVP may be outweighed by the risk of 
respiratory acidosis-related increases in PVR.

If controlled ventilation is used for a Fontan patient, ven-
tilation parameters are chosen with the goal of reducing 
PVR (i.e., avoiding hypoxia, hypercarbia, and suboptimal 
tidal volumes) and allowing adequate venous return. The 
inspired oxygen fraction may be set high initially to reduce 
PVR and then titrated downward to maintain adequate 
oxygen saturation. Near-normal tidal volumes (e.g., 4–5 
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mL/kg) also help optimize PA pressure: atelectasis (Vt too 
low) or pulmonary capillary compression (Vt too high) will 
both raise PVR. Finally, the respiratory rate and I:E ratio 
are chosen to maximize expiratory time, since this is when 
most passive PBF occurs. Typically, no more than 1 second 
of inspiratory time is required, so that low respiratory rates 
and I:E ratios of 1:3 or 1:4 can be employed.

Answer A is wrong; spontaneous ventilation is good in 
theory, but not to the point of respiratory acidosis. Answer 
B is wrong because Vt (11 mL/kg) and PEEP (10 mL/kg) 
are both high enough to elevate PVR and reduce venous 
return. Answer D is incorrect because the high respiratory 
rate and I:E ratio of 1:1 may not allow enough expiratory 
time, thereby limiting PBF.

K E Y FAC T S

• PBF is passive in the Fontan physiology, driven by CVP 
and opposed by PA pressure.

• After a Fontan, preventing pulmonary hypertension is 
critical to maintaining cardiac output.

• Ventilation strategies have a significant effect on PA 
pressure.

• Spontaneous ventilation is often the best option; 
negative-pressure breathing facilitates venous return 
(and therefore PBF) better than positive-pressure 
ventilation.

• Controlled ventilation with a high FiO
2
, tidal volumes 

near functional residual capacity, physiological PEEP, 
and a long expiratory time can facilitate venous return 
and avoid PVR increases.

R E F E R E N C E

Miller-Hanse WC, Anesthesia for noncardiac surgery in children with 
congenital heart disease. In: Cote CJ, Lerman J, Todres ID, eds. A 
Practice of Anesthesia for Infants and Children. 4th ed. Philadelphia, 
PA: Saunders Elsevier; 2009:488–9.

79. ANSWER: A

Adults require higher mean arterial pressures (MAPs) 
on bypass than children. For adults, the goal is typically 
50–80  mm Hg. This range is partly chosen to main-
tain cerebral perfusion, which is autoregulated above 
50  mm Hg but starts becoming pressure-dependent 
below 50 mm Hg. For neonates, the cerebral autoreg-
ulation curve is less well understood, MAPs as low as 
30 mm Hg may be acceptable, and the “lowest tolerable 
MAP” is not a single value for all ages. To help titrate 
CPB f low in neonates, other signs of perfusion (e.g., 
acidosis, mixed-venous oxygen saturation, near-infrared 
spectroscopy) may be used.

Dilutional effects in neonates may exceed 75%. For 
example, assuming a pump prime volume of 300–400 mL, 
a neonate weighing 3 kg with a blood volume of 80 mL/kg 
or 240 mL would experience a dilution of between 125% 
(300/240) and 160% (400/240). Because of this extreme 
dilution, pediatric bypass circuits are usually primed 
with blood and other colloids, while adults’ circuits may 
only need crystalloid priming.

Because of the variable anatomy in complex congenital 
heart disease, cannulation sites for neonates must be indi-
vidualized. For example, an isolated persistent left superior 
vena cava, the ductus arteriosus, or the pulmonary artery 
may require separate cannulation, and the venous system is 
often drained via two (rather than one) cannulae.

Ultrafiltration is used more frequently in pediatric 
than adult heart surgery, with goals of hemoconcen-
tration, reducing inflammatory vasoactive substances, 
minimizing total body water, and raising hematocrit.

K E Y FAC T S

• Younger children tolerate lower perfusion pressures on 
CPB than adults.

• Dilutional effects from the CPB circuit are significant in 
neonates, often exceeding the baby’s blood volume.

• Ultrafiltration is more common in pediatric than adult 
heart surgery.

• The typical cannulation strategy for adult CPB often 
must be modified for children with unusual anatomy.

R E F E R E N C E S

Gertler R, Andropoulos D. Cardiopulmonary bypass. In: Andropoulos 
D, Stayer SA, Russell IA, Mossad EB, eds. Anesthesia for Congenital 
Heart Disease. 2nd ed. Chichester, UK:  Wiley-Blackwell; 
2010:93–6.

Gertler R, Andropoulos D. Cardiopulmonary bypass and management. 
In: Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 
2009:397–400.

80. ANSWER: D

The hybrid procedure, an alternative approach to the ini-
tial palliation of hypoplastic left-heart syndrome (HLHS), 
involves stenting the patent ductus arteriosus (PDA), band-
ing the pulmonary arteries (PAs), and, often the creation of 
an unrestricted atrial septum. At 3–6  months of age, the 
child then undergoes a second-stage procedure involving 
superior cavopulmonary anastomosis, aortic reconstruc-
tion, and removal of PDA stent and PA bands. Advantages 
of the hybrid approach may include less time in the hospi-
tal and less exposure to deep hypothermic arrest, cardiopul-
monary bypass, and blood products. Definitive long-term 
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survival data are lacking, but shorter term outcomes are 
favorable.

Answer A  is wrong. Stenting of the ductus arterio-
sus and PA banding do occur together, but creation of an 
unrestricted atrial septum can be done at a different time. 
Indeed, waiting may allow the left atrium to increase in size 
and thereby facilitate balloon atrial septostomy. Answer 
B is also incorrect: The degree of PA band tightening is 
highly individualized and depends on patient and pul-
monary artery size, hemodynamics, and how saturation 
responds to the tightening process. Answer C is wrong. It 
is important to maintain the balance between pulmonary 
and systemic blood flow throughout and after the hybrid 
procedure. The patient still has single-ventricle physiology, 
with right-to-left flow through the stented PDA. Lowering 
the pulmonary vascular resistance with 100% oxygen 
can cause “pulmonary steal” (i.e., pulmonary overcircu-
lation), resulting in diminished systemic cardiac output, 
hypotension, and shock. Answer D is true. Hemodynamic 
instability is expected during PAB adjustment due to 
acute changes in oxygenation and blood pressure. Also, 
dysrhythmias may result from manipulation of the 
left pulmonary artery band, which is near the left atrial 
appendage.

K E Y FAC T S

• The hybrid procedure is an alternative method for first-
stage palliation of HLHS.

• The procedure involves placing a stent into the ductus 
arteriosus, banding the pulmonary arteries, and creating 
a common atrium.

• Pulmonary banding may be associated with 
hemodynamic instability, oxygenation changes, and 
dysrhythmias.

• PA bands are adjusted individually to achieve an 
acceptable blood pressure and saturation.

R E F E R E N C E S

Arnold PB, Holtby HH, Andropoulos DB. Anesthesia for the cardiac 
catheterization laboratory. In:  Andropoulos D, Stayer SA, Russell 
IA, Mossad EB, eds. Anesthesia for Congenital Heart Disease. 2nd ed. 
Chichester, UK: Wiley-Blackwell; 2010:535–7.

Naguib AN, Winch P, Schartz L, et  al. Anesthetic management of 
the hybrid stage 1 procedure for hypoplastic left heart syndrome 
(HLHS). Pediatr Anesth. 2010;20:38–46.

81. ANSWER: B

Wolff-Parkinson-White (WPW) is a syndrome in which 
the heart contains an anomalous bundle of conducting 
tissue, called an accessory pathway (AP), which bypasses 
the normal AV nodal conduction system. Most accessory 

pathways are capable of bidirectional conduction 
between atrium and ventricle. A tachyarrhythmia resulting 
from the formation of a circuit between the AV conducting 
system and the AP is called an atrioventricular recipro-
cating tachycardia (AVRT).

There are two types of AVRTs:  orthodromic and 
antidromic. Orthodromic AVRT consists of antegrade 
conduction through the normal AV conducting system and 
retrogade conduction through the AP. As a consequence, 
the tachycardia will have a narrow QRS and can be treated 
with most agents that slow conduction through the AV 
node (e.g., adenosine, verapamil, esmolol). Antidromic 
AVRT, by contrast, involves antegrade conduction through 
the AP and retrograde conduction through the AV, and 
therefore manifests a wide QRS. (Rarely, a wide QRS can 
also be from orthodromic AVRT with aberrant QRS con-
duction.) Administration of AV node blocking agents 
in the setting of antidromic AVRT can increase conduc-
tion through the AP and potentially lead to ventricular 
fibrillation. Therefore, in the setting of WPW with wide 
complex tachycardia, agents such as procainamide are pre-
ferred since they will slow conduction through the acces-
sory pathway.

K E Y FAC T S

• Wolff-Parkinson-White is a conduction abnormality 
with an accessory pathway that may result in AVRT.

• Orthodromic AVRT (with a narrow QRS) responds to 
typical AV nodal blocking agents.

• The use of AV nodal blocking agents in antidromic 
AVRT (with a wide QRS) may favor the accessory 
pathway and result in ventricular fibrillation.

• Procainamide is the preferred agent for treatment of 
stable wide complex tachycardia in WPW.

R E F E R E N C E S

Kim JJ, Collins KK, Miller-Hance WC. Arrhythmias:  diagnosis and 
management. In:  Andropoulos D, Stayer SA, Russell IA, Mossad 
EB, eds. Anesthesia for Congenital Heart Disease. 2nd ed. Chichester, 
UK: Wiley-Blackwell; 2010:320–1.

Ratnasamy C, Rossique-Gonzalez M, Young ML. Pharmacological 
therapy in children with atrioventricular reentry: which drug? Curr 
Pharm Des. 2008;14:753–61.

82. ANSWER: B

Extracorporeal membrane oxygenation (ECMO), also 
known as extracorporeal life support (ECLS), is similar in 
many ways to cardiopulmonary bypass. ECMO can be used 
to support both heart and lungs (veno-arterial ECMO), 
or just the lungs (veno-venous ECMO, in which case the 
patient’s own heart pumps blood through the circuit).
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One way to control CO
2
 using ECMO is to adjust 

the “sweep gas” rate. The sweep flows through the oxy-
genator and is typically a mixture of air, oxygen, and CO

2
. 

Since equilibration of CO
2
 across the circuit’s membrane 

occurs more quickly than equilibration of oxygen, rais-
ing the sweep gas rate allows more CO

2
 to be cleared and 

will reduce the patient’s PaCO
2
. Another way to control 

PaCO
2
 is to alter the proportion of CO

2
 in the sweep gas 

mixture itself.
Oxygenation on ECMO can be improved in various 

ways. Since oxygen delivery equals cardiac output (CO) 
multiplied by arterial oxygen content (CaO

2
), raising either 

of these parameters can improve oxygenation. On full 
veno-arterial ECMO support, CO is analogous to pump 
flow, and therefore increasing the pump flow can improve 
oxygenation. CaO

2
 is proportional to hemoglobin, so trans-

fusing red blood cells can also improve oxygenation. In 
principle, changing ventilator settings can also raise CaO

2
 

(via effects on oxygen saturation and PaO
2
), but the ulti-

mate effect of ventilator-based interventions depends on the 
relative degree of support provided by ECMO versus the 
native heart and lungs.

Recirculation occurs during veno-venous ECMO. In 
recirculation, a fraction of the blood going to the patient 
from the circuit is immediately returned back to the circuit. 
Recirculation tends to affect oxygen saturation, not CO

2
 

exchange. It can be influenced by pump flow, CO, venous 
cannula positioning, and right atrial geometry.

Answers A  and C will affect oxygenation, but not 
ventilation. Answer D is incorrect because recirculation 
influences oxygenation, not CO

2
, and applies more to 

veno-venous ECMO.

K E Y FAC T S

• Increasing the pump flow rate and hematocrit can 
improve oxygenation on veno-arterial ECMO.

• Increasing the sweep gas rate can reduce CO
2
 on 

veno-arterial ECMO.
• Recirculation of blood on veno-venous ECMO can 

reduce oxygenation.

R E F E R E N C E S

Heard ML, Labuz M. Principles and practice of veno-venous ECMO. 
In:  Van Meurs K, ed. ECMO Specialist Training Manual. 2nd 
ed. Ann Arbor, MI:  Extracorporeal Life Support Organization; 
1999:58–61.

Hilt T, Graves D, Zwischenberger JB, ECMO Physiology. In:  Van 
Meurs K, ed. ECMO Specialist Training Manual. 2nd ed. 
Ann Arbor, MI:  Extracorporeal Life Support Organization; 
1999:19–30.

McMullan DM, Elliot MJ, Cohen GA. ECMO for infants and chil-
dren. In:  Gravlee GP, Davis RF, Stammers AH, Ungerleider RM, 
eds. Cardiopulmonary Bypass Principles and Practice. 3rd ed. 
Philadelphia, PA: Lippincott Wiliams & Wilkins; 2008:749–50.

83. ANSWER: C

Acute desaturation after a difficult airway in a patient with 
Tetralogy of Fallot (TOF) may be due to a “Tet spell.” 
Tet spells are acute hypercyanotic episodes caused by 
right-to-left intracardiac shunting through the ven-
tricular septal defect. TOF patients may have both fixed 
and/or dynamic right ventricular outflow tract obstruc-
tion (RVOTO). Fixed RVOTO may be from pulmonic 
valve stenosis, while dynamic RVOTO may be caused by 
infundibular spasm, subvalvular tissue (i.e., conceptually 
similar to right-sided hypertrophic obstructive cardio-
myopathy), or increases in pulmonary vascular resistance 
(PVR). Dynamic subvalvular obstruction becomes more 
prominent in the setting of a highly contractile but under-
filled ventricle. Pulmonary vascular resistance can be 
increased by sympathetic surges (e.g., pain, anxiety), hyper-
carbia, acidosis, hypoxemia, hypothermia, and large tidal 
volumes. Since several of these factors occur at the begin-
ning of a case (e.g., hypovolemia, anxiety, crying, hypercar-
bia, hypoxemia), it is no surprise that anesthetic induction 
is a high-risk period for Tet spells. This is even more true 
when a difficult airway is encountered.

Management of a Tet spell has multiple compo-
nents: (1) reducing PVR by delivering 100% oxygen, ensur-
ing adequate or hyperventilation, and reducing sympathetic 
outflow (e.g., deepening anesthesia or giving opioids or ben-
zodiazepines to reduce pain, anxiety, and bucking on the 
endotracheal tube). (2)  Reducing dynamic RVOTO by 
administering a volume bolus, “squatting” the patient (i.e., 
putting the patient into knee-chest position to increase 
venous return), and giving beta-blockade as tolerated. 
(3) Increasing systemic vascular resistance by squatting 
(kinking of femoral arteries) and direct vasoconstrictors 
like phenylephrine.

Answer A, milrinone, would increase contractility 
(worsening dynamic RVOTO) and reduce SVR (increas-
ing right-to-left shunt), both of which might worsen the Tet 
spell. Dopamine (Answer B) might also worsen dynamic 
RVOTO by enhancing contractility. Finally, although 
the vasoconstrictive effects of epinephrine (Answer D) 
might improve saturation during a Tet spell (i.e., reducing 
right-to-left shunt), its beta-effects would work against this 
improvement. Overall, a direct alpha-agonist would be a 
better option than a mixed alpha-beta agonist.

Answer C, intravascular volume, is correct; in a patient 
with intravenous access, a volume bolus is often the sim-
plest first-line intervention during a Tet spell. Other rea-
sonable treatments might include hyperventilation with 
100% oxygen (to reduce pulmonary vascular resistance), 
phenlyephrine (to reduce undesirable right-to-left shunt-
ing), esmolol (to reduce dynamic RVOTO by slowing 
heart rate and limiting contractility), and deeper anesthe-
sia (to reduce the effect of increased sympathetic tone on 
RVOTO).
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K E Y FAC T S

• A Tet spell is an acute hypercyanotic spell in a TOF 
patient.

• Increased right-to-left shunting through the ventricular 
septal defect is manifested by hypoxemia.

• The pathophysiology of a Tet spell includes increases in 
PVR, dynamic RVOTO, and fixed RVOTO.

• There are a variety of standard maneuvers to treat a Tet 
spell: hyperventilation with 100% oxygen, squatting 
(or placing an unconscious patient in the knee-chest 
position), rapid volume expansion, afterload-enhancers 
like phenylephrine, contractility and heart rate reducers 
like beta blockers, and sympathetic tone reduction with 
opioids or other anesthetic agents.

R E F E R E N C E S

McEwan A. Anesthesia for children undergoing heart surgery. In: Cote 
CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 2009:347–9.

Schmitz ML, Ulla S. Anesthesia for right-sided obstructive lesions. 
In:  Andropoulos D, Stayer SA, Russell IA, Mossad EB, eds. 
Anesthesia for Congenital Heart Disease. 2nd ed. Chichester, 
UK: Wiley-Blackwell; 2010:427–32.

84. ANSWER: A

Tetralogy of Fallot (TOF), which includes a VSD and 
right ventricular outflow tract obstruction (RVOTO), may 
present in many different ways. At one end of the spectrum 
is a so-called pink Tet (i.e., a child who is mostly asymptom-
atic but may have occasional hypercyanotic “Tet” spells). At 
the other extreme are so-called blue Tets (i.e., children who 
are cyanotic at baseline). Conceptually, pink Tets usually 
have a larger VSD and less RVOTO, while blue Tets have 
relatively more RVOTO, causing continual right-to-left 
shunting through the VSD. Not surprisingly, cyanotic 
TOF patients often require surgical correction or pallia-
tion at a younger age than pink Tets. Patients with noncy-
anotic TOF develop heart failure from right-sided volume 
overload, but it may be possible to delay their repair until 
they are older and better able to tolerate surgery.

Right-to-left intracardiac shunts are thought to 
slow the speed of inhalational induction, because some 
of the blood that would normally flow to the lungs to pick 
up volatile anesthetics is instead passed directly into the 
systemic circulation, thereby diluting the anesthetic level. 
Conversely, right-to-left shunts could in theory speed up 
an intravenous induction, since some medication would 
get to the brain faster without having to traverse the pul-
monary circulation. Left-to-right shunts would therefore 
potentially speed up an inhalational induction, but this 
effect appears to be small and may only be observed in the 
presence of a coexisting right-to-left shunt.

In this question, the patient’s age and oxygen saturation 
suggest that he or she is a “pink” Tet, with predominantly 
left-to-right flow through the VSD at baseline. Answers B 
and C are wrong because these effects would be expected 
with a right-to-left shunt (i.e., if the patient were having 
a Tet spell, but not at baseline). Answer D may be true in 
theory for a left-to-right shunt, but it does not appear to be 
clinically significant.

K E Y FAC T S

• Many TOF patients exhibit left-to-right VSD flow and 
appear normal unless they are having a Tet spell.

• Children with TOF may present with cyanosis from 
significant RVOTO, with heart failure from left-to-
right shunting through a VSD, or a combination of 
symptoms.

• Left-to-right shunting has little clinical effect on 
induction speed.

• Right-to-left shunts may slow inhalational induction and 
speed up intravenous induction.

R E F E R E N C E S

Andropoulos DB. Anesthetic agents and their cardiovascular effects. 
In:  Andropoulos D, Stayer SA, Russell IA, Mossad EB, eds. 
Anesthesia for Congenital Heart Disease. 2nd ed. Chichester, 
UK: Wiley-Blackwell; 2010:87.

McEwan A. Anesthesia for children undergoing heart surgery. In: Cote 
CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 2009:337.

85. ANSWER: C

Desaturation during PDA ligation is a common problem. 
Since lung isolation is not typically used, compression of 
the nondependent lung by surgical retractors leads to 
atelectasis, V/Q mismatch, shunting, and hypoxemia. 
Managing this problem requires close communication with 
the surgeon and a stepwise approach. First, the positioning 
and integrity of the breathing circuit must be confirmed. 
Often the patient is completely covered with surgical 
drapes, making it easy to miss circuit disconnections or 
kinking of tubes. Next, adjustments to the ventilator are 
made. With high-frequency oscillatory ventilation 
(HFOV), oxygenation can be increased in two ways: raising 
the inspired oxygen fraction and increasing the mean air-
way pressure. If altering the ventilator parameters is not suc-
cessful, changing from HFOV to a conventional ventilator 
or hand-ventilation is another option. However, premature 
babies are often on HFOV precisely because they have failed 
conventional ventilation. Thus, any rapid change to a differ-
ent ventilator may lead to a period of instability, even includ-
ing worsening desaturation. Finally, if other interventions 
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are unsuccessful or cannot be employed, adequate oxygen-
ation may require a period of lung re-expansion. Safe sur-
gery may require several of these “back and forth” periods 
during which the surgeon removes the lung retractor to 
facilitate lung re-expansion. After oxygenation reaches an 
acceptable target level, surgery resumes; this process should 
be repeated whenever significant desaturation occurs.

Answer A is incorrect; increasing the amplitude during 
HFOV has the effect of reducing CO

2
 rather than increas-

ing oxygenation. Answer B may improve oxygenation, but 
it is not the first choice because the baby may not tolerate 
conventional ventilation or may suffer short-term instabil-
ity during the switch. Answer D is also wrong; Fogarty 
catheters can be used as bronchial-blockers in children 
who are too young for a double-lumen endotracheal tube, 
but the safety and logistical plausibility of placing such a 
device during surgery into a patient weighing less than 1 kg 
is questionable.

K E Y FAC T S

• Desaturation is common during PDA ligation.
• Although PDA ligation is often done via a thoracotomy 

approach, lung isolation is not used.
• If the ventilator must be changed (e.g., from HFOV 

to conventional), the change should ideally be made 
before surgery in order to permit adjustments to achieve 
optimal ventilation.

• On HFOV, increasing the inspired oxygen level or mean 
airway pressure will improve oxygenation.

• On HFOV, increasing the oscillation amplitude will 
reduce CO

2
 levels (and vice-versa).

• Alternating periods of surgery with periods of lung 
recruitment may be necessary.

R E F E R E N C E S

Kneyber MC, van Heerde M, Markhorst DG. Reflections on pediatric 
high-frequency oscillatory ventilation from a physiological perspec-
tive. Respir Care. 2012;57:1496–504.

McEwan A. Anesthesia for children undergoing heart surgery. In: Cote 
CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 2009:345–7.

86. ANSWER: A

Pulmonary atresia (PA) has a spectrum of different pre-
sentations, some of which are named according to the state 
of the interventricular septum. PA with ventricular septal 
defect (PA/VSD) is often associated with multiple aor-
topulmonary collaterals. These abnormal vessels should 
be defined by cardiac catheterization prior to surgery and 
may require unifocalization before or during definitive 

surgical repair. Pulmonary atresia with intact ventricu-
lar septum (PA/IVS), on the other hand, is associated 
with channels within the right ventricle (RV) known 
as sinusoids. When sinusoids fistulize with the coronary 
arteries, a direct connection between the RV cavity and 
the coronaries is formed, making it possible to perfuse the 
coronaries by a combination of normal (oxygenated aorto-
coronary) and abnormal (deoxygenated sinusoidal) blood. 
Sinusoids are present in about half of those with PA/
IVS. In 20% of patients, there is little aorto-coronary flow 
and the coronaries are perfused mostly with deoxygen-
ated blood. In a small percentage of patients, there are no 
anatomical aortocoronary connections; the right coro-
nary is only perfused by sinusoidal blood. This situation 
is known as “right-dominant coronary circulation.” For 
these patients, maintaining normal RV filling is crucial; 
decompression of the RV can reduce or obstruct coronary 
flow, leading to acute myocardial ischemia.

Answer A  is correct; hypotension after induction is 
common and is often due to hypovolemia exaggerated by 
the effects of anesthesia on vascular tone. Hypotension from 
this cause usually improves in the presence of a normally 
filled (but not overdistended) right ventricle. Reduced ven-
tricular filling is especially problematic in the presence of 
sinusoids.

Answer B is incorrect; aortopulmonary collaterals are 
associated with PA/VSD, not PA/IVS. Pulmonary steal 
(i.e., relative overcirculation of blood to the pulmonary tree 
at the expense of forward systemic flow) could reduce car-
diac output and lower the blood pressure, but this would be 
more likely in the presence of a higher-than-baseline oxy-
gen saturation. Answer C is also wrong. Decompressing 
the ventricle may worsen ischemia by reducing coronary 
flow through the sinusoids. Although the extent of coro-
nary sinusoids and right-dominant circulation is not yet 
known in this patient, caution would suggest at least main-
taining normal RV filling pressures rather than trying to 
reduce preload with nitroglycerin. Finally, Answer D is 
wrong. PGE1 should already be running; patients with 
PA/IVS need PGE1 infusions from birth in order to assure 
adequate pulmonary blood supply through the patent duc-
tus arteriosus.

K E Y FAC T S

• PA/VSD and PA/IVS have a variety of different 
presentations.

• PA/VSD is associated with multiple aortopulmonary 
collaterals.

• PA/IVS is associated with coronary sinusoids and 
occasionally with right-dominant coronary circulation.

• If coronary arteries are partially or completely supplied 
by sinusoids, underfilling of the RV can lead to 
myocardial ischemia.
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R E F E R E N C E S

Bichell DP. Pulmonary atresia with intact ventricular septum. 
In:  Nichols DG, Ungerleider RM, Spevak PJ, et  al., eds. Critical 
Heart Disease in Infants and Children. 2nd ed. Philadelphia, 
PA: Mosby:767–76.

Schmitz ML, Ulla S. Anesthesia for right-sided obstructive lesions. 
In:  Andropoulos D, Stayer SA, Russell IA, Mossad EB, eds. 
Anesthesia for Congenital Heart Disease. 2nd ed. Chichester, 
UK: Wiley-Blackwell; 2010:433–6.

87. ANSWER: B

Tetralogy of Fallot (TOF), the most common cyanotic 
congential heart defect, is characterized by a VSD, an aorta 
that overrides the right and left ventricles, right ventricular 
outflow tract (RVOT) obstruction, and right ventricular 
hypertrophy. Complete repair of TOF consists of closure 
of the VSD and relief of the RVOT obstruction. Sometimes 
all that is required to improve the right-sided obstruction is 
a small resection of infundibular muscle. In other cases, the 
RVOT itself must be augmented (e.g., using a trans-annular 
patch), which can disrupt the integrity of the pulmonary 
valve. Pulmonary regurgitation is the most common valvu-
lar complication following TOF repair. In severe cases, pul-
monary valve replacement (as an adult) may be required. 
Other complications seen among TOF patients later in 
life include sudden cardiac death (usually from ventricular 
tachydysrhythmias), residual RVOT obstruction, progressive 
aortic regurgitation, and branch pulmonary artery stenosis.

Regarding Answer A, tricuspid regurgitation is pos-
sible in an adult who had TOF repair, but it would not be 
expected until severe pulmonary regurgitation had led to 
right ventricular dilation with subsequent dilation of the 
tricuspid annulus. Tricuspid stenosis, on the other hand, 
would not be expected. Aortic stenosis (Answer C) is not 
typically reported. Pulmonary stenosis due to residual 
or restenosis of the RVOT may occur, and aortic dilation 
leading to aortic regurgitation has also been observed in 
some patients. Answer D is also not right; TOF involves 
right-sided, not left-sided, valvular pathology.

K E Y FAC T S

• TOF includes a VSD, RVOTO, overriding aorta, and 
right ventricular hypertrophy.

• Pulmonary insufficiency is the most common valvular 
problem among TOF patients later in life.

• Tricuspid regurgitation, residual RVOT stenosis, and 
sudden death are other issues for adult TOF patients.

R E F E R E N C E S

Schmitz ML, Ulla S. Anesthesia for right-sided obstructive lesions. 
In:  Andropoulos D, Stayer SA, Russell IA, Mossad EB, eds. 

Anesthesia for Congenital Heart Disease. 2nd ed. Chichester, 
UK: Wiley-Blackwell; 2010:430.

Warnes CA, Williams RG, Bashore TM, et al. ACC/AHA 2008 guide-
lines for the management of adults with congenital heart disease: a 
report of the American College of Cardiology/American Heart 
Association Task Force on Practice Guidelines. J Am Coll Cardiol. 
2008;52(23):e143–263.

88. ANSWER: D

Neurological preservation is of prime importance dur-
ing and after cardiopulmonary bypass (CPB). Lactate 
levels and mixed-venous oxygen saturation have been 
used to suggest the state of brain oxygenation, but they may 
reflect global changes more than brain-specific perfusion. 
More recently, near-infrared spectroscopy (NIRS) has 
been utilized to measure regional tissue perfusion in the 
brain. In NIRS, one or two (depending upon patient size) 
monitoring patches are affixed to the skin on the patient’s 
forehead. A  near-infrared beam is transmitted by one 
area of the patch; travels through skin, bone, and brain to 
a depth of 30–35 mm; and is then reflected back. A sensor 
on a different part of the same monitoring patch picks up 
the reflected beam. The differential reflectance signal is pro-
cessed and displayed on a monitor as the regional oxygen 
saturation (rSO

2
). A  typical NIRS-derived rSO

2
 value is 

60%–80%. A NIRS falling more than 20%–30% below 
baseline suggests the need for intervention, especially if 
prolonged.

Standard pulse-oximetry cancels out venous (nonpul-
satile) flow in order to estimate arterial oxygen saturation. 
NIRS, on the other hand, measures saturation of venous, 
capillary, and arterial blood. Although it is thought that 
venous blood accounts for about 70% of the signal, 
arterial for 20%, and capillary for 5%, it is important 
to realize that these proportions have not been rigorously 
validated in children and may change dynamically accord-
ing to volume status, medications, and autonomic tone. In 
congenital heart disease, the rSO

2
 is correlated to venous 

saturation obtained from a pulmonary artery catheter or 
central line, and this correlation extends to neonates and to 
those with cyanotic disease as well.

Many factors can affect NIRS values. One recent review 
(Kasman, 2011) organized these factors into a “conceptual” 
formula, in which brain rSO

2
 is proportional to:

DO VO2 2−

and

DO =CPP * (Hgb * SaO ) * radius /viscosity2 2
4( )

where DO
2
 is oxygen delivery, VO

2
 is oxygen consumption, 

CPP is the cerebral perfusion pressure (i.e., mean arterial 
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pressure minus the larger of intracranial pressure or cen-
tral venous pressure), Hgb is the hemoglobin level, SaO

2
 is 

the arterial oxygen saturation, “radius” is a overall radius of 
the arterial vessels (raised to the fourth power), and viscos-
ity refers to the blood. The inclusion of VO

2
 is necessary 

because rSO
2
 is weighted toward venous rather than arte-

rial saturation. When VO
2
 is low, less oxygen is extracted by 

tissues, more oxygen is returned by the venous system, and 
rSO

2
 increases.

As can be appreciated from this formula, Answers A, 
B, and C would all lower, not raise, the rSO

2
. Specifically, 

reducing anesthetic depth or warming the patient (Answers 
A  and B) would both increase VO

2
. Reducing the pump 

flow (Answer D) would lower MAP and CPP values, and 
thereby reduce rSO

2
 as well.

Answer D, the correct choice, would raise rSO
2
. 

Reducing the sweep-gas rate on CPB lowers the efficiency of 
CO

2
 clearance. Hypercapnia, with accompanying cerebral 

vasodilation, raises rSO
2
 (and vice-versa for hypocapnia), 

and may even lead to overestimation of the true cerebral 
venous saturation.

K E Y FAC T S

• NIRS-derived rSO
2
 correlates with cerebral venous 

oxygenation among those with congenital heart disease.
• Hyperventilation and alkalosis reduce rSO

2
 due to 

vasoconstriction.
• Increased arterial pressure, CPB flow, hemoglobin level, 

and arterial saturation all increase rSO
2
.

• Increasing blood viscosity, oxygen consumption, and 
ICP all reduce rSO

2
.

R E F E R E N C E S
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89. ANSWER: B

Pulmonary artery hypertension (PAH), defined as a 
mean pulmonary artery (PA) pressure >25  mm Hg at 
rest or 30  mm Hg with exercise, pulmonary vascular 
resistance >3  mm Hg/L per square meter, and pul-
monary capillary wedge pressure ≤ 15  mm Hg. There 

are many causes of PAH. Eisenmenger physiology, one 
category of PAH, is associated with shunt reversal. That 
is, a left-to-right shunt typically through an atrial septal 
defect, VSD, atrioventricular septal defect, or patent duc-
tus arteriosus remains uncorrected and pulmonary vascular 
remodeling over time leads to PAH, right-to-left (or bidi-
rectional) shunting, and oxygen-unresponsive hypoxemia. 
Eisenmenger patients often present with dyspnea and 
exercise intolerance, although other symptoms, including 
cyanosis, syncope, hemoptysis, and stroke (from hypervis-
cosity of blood and sludging in the brain), also occur. On 
physical examination, a murmur is usually absent because 
right and left ventricular pressures are similar. Laboratory 
studies often show polycythemia, hyperuricemia, and low 
iron levels.

Answer A is wrong. Although phenylephrine can cause 
pulmonary vasoconstriction, its effect is quite limited when 
pulmonary vascular resistance is fixed. In fact, its systemic 
vasoconstrictor effect can actually increase left-to-right 
flow through the VSD and improve oxygenation. Answer 
C is also incorrect. In a recent review of 124 anesthetics, 
regional anesthesia was associated with a 5% mortality 
while general anesthesia was associated with an 18% mortal-
ity. However, the authors concluded that this effect was due 
to the type of surgery, not the choice of anesthetic. At pres-
ent, no anesthetic technique has clearly been demonstrated 
to be superior for patients with PAH. Finally, Answer D is 
wrong. Pulmonary artery catheters are not recommended 
for routine surgery in patients with Eisenmenger physiol-
ogy: the catheter will be harder to place (sometimes requir-
ing fluroscopy), it will put the patient at a higher risk of 
pulmonary artery rupture; and, finally, the data provided 
may be inaccurate (i.e., thermodilution cardiac output with 
a VSD) or redundant (i.e., pulmonary and systemic vascular 
resistances can be estimated by simply using oxygen satura-
tion from a pulse oximeter).

The correct answer is B.  Although 100% oxygen is 
indeed a pulmonary vasodilator, its utility in patients with 
Eisenmenger-associated PAH is debated. This patient’s 
PAH may be oxygen unresponsive. Even if she does have 
an oxygen-responsive component, outcome data are insuf-
ficient to show a definitive benefit of oxygen therapy. 
While 100% oxygen is certainly a reasonable choice for this 
patient, avoiding air is not mandatory.

K E Y FAC T S

• In Eisenmenger physiology, a left-to-right shunt changes 
over time to one that is right-to-left due to remodeling of 
the pulmonary vasculature.

• No anesthetic technique is clearly superior for managing 
patients with PAH.

• Varying degrees of oxygen responsiveness and limited 
pulmonary vascular reactivity may limit the effectiveness 
of 100% oxygen in PAH.
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• Increasing left-sided pressures with direct 
vasoconstrictors may reduce shunting and improve 
oxygenation in Eisenmenger syndrome.

R E F E R E N C E S
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90. ANSWER: A

Williams syndrome is a genetic disorder related to the dele-
tion of several genes on chromosome 7, including the elastin 
gene. The syndrome is characterized by a combination of 
several abnormalities, including an “elfin” facial appear-
ance, endocrine abnormalities (e.g., hypercalcemia, 
diabetes), developmental delay, genitourinary abnor-
malities, and supravalvular aortic stenosis (SVAS). In 
addition to SVAS, many patients with Williams syndrome 
have mechanical impairment of coronary blood flow 
secondary to abnormal adhesions of the aortic valve to 
the sinotubular junction, diffuse coronary artery stenosis 
from elastin arteriopathy, and/or ostial narrowing from the 
thickened aortic wall. Pulmonic or branch pulmonary 
artery stenosis may also be present. For the anesthesiolo-
gist, it is vital to remember that the degree of coronary 
blood flow obstruction may not be proportional to the 
severity of the SVAS. Thus, an apparently “normal” preop-
erative echocardiogram is insufficient to rule out significant 
coronary artery abnormalities.

Answer A  is correct; the majority of sudden death 
in patients with known SVAS has been attributed 
to myocardial ischemia. Williams syndrome is often 
associated with aortic obstruction, but not necessar-
ily with dysrhythmias (Answer D). Right-ventricular 
outf low obstruction (Answer B) is possible although 
less likely than left-sided obstruction, and it would be 
unusual for significant pulmonary hypertension to 
remain undiagnosed. Complete left ventricular outf low 
obstruction (Answer C) would be unlikely given the 
apparently mild degree of SVAS noted on the preopera-
tive echocardiogram.

K E Y FAC T S

• Williams syndrome is associated with SVAS, coronary 
artery anomalies, and sudden death during anesthesia.

• Echocardiographic grading of SVAS severity may not 
reflect the degree of coronary obstruction.

R E F E R E N C E S
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91. ANSWER: C

AV canal defects, sometimes called endocardial cushion 
defects, involve some combination of atrioventricular 
valve abnormalities, an ASD, and a VSD. These anoma-
lies produce left-to-right shunting at multiple levels and 
often AV valve regurgitation, especially from the left ven-
tricle to the right atrium. Shunt flow leads to volume over-
load of the right heart, congestive heart failure, and in some 
cases, pulmonary hypertension.

There are three types of AV canal defect: partial AV 
canal (PAVC) consists of an ASD and a cleft mitral valve; 
transitional AV canal (TAVC) has both an ASD and 
VSD, along with separate but abnormal AV valves; com-
plete AV canal (CAVC) includes an ASD, a VSD, and a 
single “common” AV valve, which is usually regurgitant. 
Of the three forms, CAVC is the most severe and typi-
cally requires repair before 6 months of age. PAVC, on the 
other hand, tends to be the least severe, and surgical repair 
may often be delayed well beyond infancy. Surgical repair 
involves patching the ASD, closing the VSD (with patches 
or sutures), and repairing the atrioventricular valve (e.g., fix-
ing a cleft in the mitral valve).

Anesthetic considerations for patients with AV canal 
defect include reducing left-to-right shunting (e.g., increasing 
pulmonary vascular resistance with ventilatory maneuvers 
like less inspired oxygen and normo- or mild hypercarbia), 
and avoiding conditions that worsen AV valve regurgitation 
(e.g., slow heart rates, hypervolemia, high afterload).

About 20% of those with Down syndrome also have an 
AV canal defect. Down syndrome has many implications 
for anesthesia, including atlanto-axial instability, obstruc-
tive sleep apnea, large tongue, narrow trachea, and associ-
ated diseases like hypothyroidism, dementia, and leukemia. 
Interestingly, a majority of children with Down syndrome 
become bradycardic after a sevoflurane induction, pos-
sibly due to alterations in myocyte number, structure, 
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or sympatho-excitatory control mechanisms. For many 
patients, this bradycardia can simply be monitored. For 
some, however, bradycardia affects cardiac performance. 
This is especially true for patients at risk for synergistic drug 
interactions (e.g., cardiac patients getting high-dose opioids 
or dexemedetomidine) or those with regurgitant lesions (for 
whom bradycardia can worsen the regurgitant fraction).

Answer A  is wrong; intervention is indicated because 
the blood pressure is low and the patient has an underly-
ing regurgitant lesion. Answer B is also not the best choice. 
Although phenylephrine may increase blood pressure, it 
may reduce heart rate even further. Answer D, reducing the 
inspired oxygen, is incorrect. Balancing pulmonary and sys-
temic vascular resistance is an important aspect of manag-
ing AV canal defect. Usually, the goal is to avoid excessive 
pulmonary flow that would occur with 100% oxygen and 
alkalosis. However, lowering the inspired oxygen would 
not be a first-line intervention for bradycardia. Answer C 
is the best choice; anticholinergic treatment will raise the 
heart rate and may secondarily increase blood pressure (i.e., 
less ventricular filling time means less available volume to 
regurgitate and more forward cardiac output).

K E Y FAC T S

• AV canal defects are found in about 20% of those with 
Down syndrome.

• Down syndrome is associated with bradycardia during 
anesthesia, especially around induction.

• TAVC consists of an ASD, VSD, and abnormal 
atrioventricular valves.

• PAVC is similar to an ASD; CAVC is like TAVC but 
with a single AV valve.

• In TAVC, left-to-right shunting and atrioventricular 
valve regurgitation occur.

• Increased afterload, slower heart rates, and hypervolemia 
can worsen regurgitant lesions.

• Maintaining pulmonary vascular resistance can reduce 
left-to-right shunting.

R E F E R E N C E S

Kraemer FW, Stricker PA, Gurnaney HG, et  al. Bradycardia during 
induction of anesthesia with sevoflurane in children with Down 
syndrome. Anesth Analg. 2010;111:1259–63.

Walker SG. Anesthesia for left-to-right shunt lesions. In: Andropoulos 
D, Stayer SA, Russell IA, Mossad EB, eds. Anesthesia for Congenital 
Heart Disease. 2nd ed. Chichester, UK:  Wiley-Blackwell; 
2010:382–4.

92. ANSWER: B

Anomalous pulmonary venous connection includes total 
anomalous pulmonary venous return (TAPVR) and 

partial anomalous pulmonary venous return (PAPVR). 
In these anomalies, some or all of the pulmonary venous 
connections do not drain into the left atrium, but rather 
into the right-sided circulation. Both types of anomalous 
pulmonary venous connection include an ASD or PFO, 
which allows anomalously returned blood to mix with the 
systemic circulation and permits forward flow through 
the aorta.

PAPVR, which is often associated with a sinus veno-
sus ASD, is much better tolerated than TAPVR. 
Physiologically, PAPVR behaves in many ways like an ASD. 
Anesthetically, the main consideration involves minimiz-
ing excess pulmonary blood flow by maintaining pulmo-
nary vascular resistance (PVR) (e.g., using lower inspired 
oxygen levels, maintaining normocarbia). Often, children 
recover quickly and can be extubated soon after PAPVR 
repair.

TAPVR is more physiologically significant than PAPVR. 
There are three types of TAPVR: supracardiac, cardiac, 
and infracardiac (also called infra-diaphragmatic). The 
key issue is whether the abnormal pulmonary venous return 
pathway is obstructed or not. As the length of the anoma-
lous pathway increases, so does the chance of obstruction. 
Thus, supracardiac and cardiac TAPVR (in which drainage 
occurs via an innominate vein into the superior vena cava 
and direct connection into the right atrium through the 
coronary sinus, respectively) are less likely to be obstructed 
than infracardiac TAPVR (which involves drainage into 
the inferior vena cava via a ductus venosus remnant).

Nonobstructed TAPVR eventually leads to heart fail-
ure, but surgery can often be delayed until later in infancy 
or beyond. Right-sided failure occurs because of increased 
volume load and pulmonary overcirculation due to left-to-
right shunting through the anomalous connection. If the 
atrial septum is too restrictive, these patients may also be 
palliated with atrial septostomy to allow surgery to be 
deferred until the child is older.

Obstructed TAPVR, on the other hand, is one of the 
few congenital heart lesions requiring urgent surgical inter-
vention. The pathophysiology begins with pulmonary venous 
hypertension, which causes fluid to back up in the lungs. The 
pulmonary arteries compensate with vasoconstriction, lead-
ing eventually to higher pressure in the right heart. In turn, 
high right atrial pressures increase right-to-left shunting 
across the ASD or PFO, worsen the hypoxemia, and trigger a 
vicious cycle of worsening pulmonary hypertension.

Answer A  is the opposite of what would be expected. 
Pulmonary hypertension (not overcirculation) is a prob-
lem both pre- and postoperatively for those with obstructed 
TAPVR. Management includes taking steps to avoid pul-
monary hypertensive crises (i.e., using 100% oxygen, main-
taining alkalosis, preventing sympathetic surges from pain 
or anxiety), avoiding transesophageal echocardiogram if 
there is concern about mechanical compression of pulmo-
nary veins, and even using inhaled nitric oxide preemptively 
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to assist in separation from bypass. Answer C is also wrong. 
In PAPVR, if the intra-atrial septum is restrictive (i.e., if 
there is only a PFO and not a true ASD), heart failure will 
develop sooner. In this case, a balloon atrial septostomy may 
improve hemodynamics and allow corrective surgery to be 
delayed until the child is somewhat older. This would typi-
cally be done before surgery, not after separating from car-
diopulmonary bypass. Answer D is also incorrect; suture 
lines near the conduction pathway or tissue edema lead to 
dysrhythmias in about 20% of children with TAPVR, but 
these are usually tachyarrhythmias, not bradyarrhythmias.

Answer B is correct. After surgical repair, the left heart 
suddenly experiences an increased volume load. The non-
compliant, previously underfilled left atrium and ventri-
cle may take some time to adjust to the higher pressures. 
Overfilling the ventricle is a common problem, especially in 
the postbypass period when significant volume (e.g., plate-
lets, fresh-frozen plasma) is often administered. For patients 
with obstructed TAPVR, a lower left atrial pressure must 
often be accepted to reduce the risk of failure from an over-
distended left ventricle.

K E Y FAC T S

• Children with PAPVR typically do well and recover 
quickly, somewhat like patients with an ASD.

• A major factor influencing outcome in TAPVR is 
whether or not the venous return pathway is obstructed. 
Obstructed TAPVR is one of the few congenital heart 
diseases that require urgent surgical intervention.

• Infracardiac TAPVR is more likely to be obstructed 
than supra- or intracardiac TAPVR.

• Anesthetic issues with TAPVR include pulmonary 
hypertension (especially when the venous return is 
obstructed), a highly volume-sensitive noncompliant left 
ventricle, and tachydysrhythmias.

• TEE is contraindicated if there is concern that 
mechanical compression may further compromise 
pulmonary venous flow.

R E F E R E N C E S
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93. ANSWER: D

Ultrafiltration describes a process where the patient’s blood 
passes through a hemofilter to remove excess interstitial 

body water and toxins. In heart surgery, two types of ultra-
filtration, conventional and modified ultrafiltration 
(CUF and MUF, respectively), are commonly performed. 
CUF occurs during CPB, whereas MUF is done after 
bypass with the aortic and venous cannulae still in 
place. MUF is common in current congenital heart sur-
gery practice, but less so for adults. In children, MUF is 
associated with an improvement in cardiac, pulmonary, 
and immunomodulatory secondary endpoints, but a recent 
meta-analysis suggests that these benefits occur mostly dur-
ing the immediate postbypass period.

Technically, MUF occurs at the end of CPB and requires 
“reversal” of the bypass circuit. Instead of draining the right 
heart and returning blood to the aorta, the CPB circuit dur-
ing MUF takes blood from the aortic cannula, filters it, and 
returns it back to the right atrium. Because the cannulae are 
still in place, the patient remains heparinized. Continued 
bleeding may occur; careful attention from the perfusionist 
and anesthesiologist are important during MUF to avoid 
hemodynamic instability.

MUF improves both hemodynamics and lung func-
tion through several mechanisms:  inflammatory mark-
ers (e.g., interleukins, bradykinin) are washed away, which 
raises systemic vascular resistance and blood pressure; inter-
stitial body water and pulmonary edema fluid are reduced, 
which raises hematocrit, improves pulmonary gas exchange, 
and (via positive effects on pulmonary blood flow) also 
improves left ventricular stroke volume and cardiac output.

The duration of MUF is not standardized. Indications 
for stopping MUF may include hemodynamic instability, 
attainment of a prespecified hematocrit, the passage of a fixed 
time period (typically 15–20 min at most), or when replace-
ment volume from the CPB circuit is no longer available.

Answer D is true; by removing excess interstitial water, 
MUF can easily achieve hemoconcentration. This is espe-
cially important in cyanotic disease, where the target hema-
tocrit coming off bypass may need to be near 40%.

Answer A is incorrect; systemic vascular resistance is 
actually increased (not decreased) by MUF, likely related 
to reduced levels of proinflammatory cytokines. Answer 
B is wrong. While MUF produces a short-term reduction 
in proinflammatory cytokines, this effect appears to be 
time limited to the peri-bypass period and may not extend 
beyond 20 hours. Answer C is also not true. Because hepa-
rinization must be prolonged for another 15–20 minutes 
during MUF, continued intraoperative bleeding, and even 
hemodynamic instability, is possible.

K E Y FAC T S

• MUF is employed frequently in pediatric heart surgery.
• MUF is accomplished by reversing the bypass circuit at 

the end of CPB, and adding a hemofilter.
• Advantages of MUF include reduced body water, higher 

hematocrit, better blood flow through the lungs (with 
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lower PVR), reduced proinflammatory substances 
(e.g., bradykinin, interleukins), and resultant lower 
pulmonary vascular resistance and higher systemic 
vascular resistance.

• Since the cannulae and bypass circuit are still in-line 
during MUF, full protamine reversal of heparin must be 
delayed, and therefore continued bleeding may occur.

R E F E R E N C E S

Gertler R, Andropoulos DB. Cardiopulmonary bypass. In: Andropoulos 
D, Stayer SA, Russell IA, Mossad EB, eds. Anesthesia for Congenital 
Heart Disease. 2nd ed. Chichester, UK:  Wiley-Blackwell; 
2010:103–4.

Kuratani N, Bunsangjaroen P, Srimueang T, et al. Modified versus con-
ventional ultrafiltration in pediatric cardiac surgery: a meta-anlysis 
of randomized controlled trials comparing clinical outcome param-
eters. J Thor Cardiovasc Surg. 2011;142:861–7.

94. ANSWER: B

Hypertrophic cardiomyopathy (HCM) is an autoso-
mal dominantly inherited disease of the heart muscle that 
results in left ventricular hypertrophy, either in the free 
wall or along the septal region. On a cellular level, there is 
significant disorganization and scarring of the myocytes. 
Reduced compliance and LV diastolic dysfunction are 
always present. Additionally, a substantial proportion of 
those with HCM have dynamic left ventricular outflow 
tract obstruction, due to systolic anterior motion of the 
mitral leaflets and related specifically to the presence of 
hypertrophy in the anterior ventricular septum.

The clinical spectrum of HCM is extremely variable, 
ranging from asymptomatic to heart failure to sudden 
death from ventricular tachyarrhythmias. Treatments 
for HCM include medications like beta-blockers, 
dual-chamber pacing, implantable cardio-defibrillator, 
and surgery (septal myomectomy). Perioperative manage-
ment of patients with HCM is directed toward minimiz-
ing dynamic subaortic outflow obstruction by maintaining 
preload and afterload and avoiding increased contractility 
and tachycardia.

Answer B is correct, because drugs with beta-1-agonist 
activity such as ephedrine, dobutamine, or dopamine may 
increase heart rate and contractility and therefore worsen 
LVOT obstruction.

An IV fluid bolus (Answer A) is often helpful because 
an increased preload minimizes the detrimental effect of 
an empty hypercontractile ventricle on subaortic outflow 
obstruction. For these patients, adequate volume resuscita-
tion prior to induction and during the procedure is crucial. 
Esmolol (Answer C) may also help by slowing the heart rate, 
allowing more time for left ventricular filling, and thereby 
decreasing outflow obstruction. Finally, phenylephrine 

(Answer D) will increase afterload to help maintain blood 
pressure and reflexively slow the heart rate as well.

K E Y FAC T S

• HCM results in left ventricular hypertrophy, diastolic 
dysfunction, and reduced ventricular compliance.

• Many patients with HCM also have dynamic left 
ventricular outflow tract obstruction.

• Goals of perioperative management are to maintain or 
increase preload and afterload while avoiding increases 
in heart rate and contractility.

• Although beta-1-agonists (e.g., ephedrine, epinephrine, 
dopamine) are often used to treat hypotension, their 
inotropic and chronotropic effects may actually worsen 
hemodynamics in the presence of dynamic outflow 
obstruction.

• Common techniques to treat hypotension in the face of 
HCM-associated dynamic outflow obstruction include 
an IV fluid bolus, alpha-1-agonists like phenylephrine, 
and beta-blockers.

R E F E R E N C E S
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95. ANSWER: C

Single-ventricle physiology occurs when there is com-
plete mixing of pulmonary and systemic venous blood, 
either in the atria, the ventricles, or outside of the heart 
(e.g., through a patent ductus arteriosus). Because of this 
mixing, the normal oxygen saturation of these patients is 
75%–85%. Many different anatomical abnormalities result 
in single-ventricle physiology. Hypoplastic left heart syn-
drome (HLHS) is perhaps the archetypal anatomical lesion 
exhibiting single-ventricle physiology. In HLHS, children 
are born with a hypoplastic left ventricle and aorta, and 
therefore require right-to-left flow through a patent ductus 
arteriosus (PDA) to maintain systemic output.

HLHS may be managed in several different ways, 
ranging from palliative/hospice care to heart transplanta-
tion to staged-surgical palliation. The latter method usually 
involves three separate surgeries called the Norwood (stage 
1), the bidirectional Glenn (stage 2), and the Fontan 
(stage 3). The Norwood operation, done in the neonatal 
period, consists of the replacement of the PDA with a syn-
thetic systemic-to-pulmonary artery shunt and the creation 
of a “neoaorta” using native pulmonary artery tissue. Two 

 

 

 

 

 

 

 

https://kat.cr/user/Blink99/



172  •   organ-Based BasIc and clInIcal scIences

types of shunt are currently in use:  some surgeons favor a 
modified Blalock-Taussig shunt (MBTS), a Gore-tex tube 
graft from the innominate to the right pulmonary artery; 
others surgeons employ the Sano modification, a tube-graft 
directly from the right ventricle to the pulmonary artery. 
Creation of a neoaorta is a complex procedure requiring 
deep hypothermic circulatory arrest. During the Glenn 
(stage 2), the existing shunt is removed and the superior 
vena cava is anastomosed directly to the pulmonary artery, 
thus relieving some of the ventricle’s workload. During the 
Fontan (stage 3), the inferior vena cava is also connected to 
the pulmonary artery, thus allowing systemic venous return 
to “bypass” the heart completely, restoring series-type circu-
lation, normalizing oxygen saturation, and further reduc-
ing the workload of the single ventricle.

Care of patients with HLHS and other types of 
single-ventricle physiology requires careful attention to 
oxygen saturation, which reflects the balance between 
pulmonary and systemic flow (Qp:Qs). For a patient with 
a normal (two-ventricle) circulation, a decrease in satura-
tion can usually be treated “in isolation” without necessar-
ily considering the blood pressure. In a patient with HLHS, 
on the other hand, these two parameters are linked and 
treatment of one affects the other. For example, low blood 
pressure in the setting of supranormal oxygen saturation 
(i.e., SpO

2
 > 85%) may mean that too much blood is flowing 

through the pulmonary circulation at the expense of the 
systemic circulation (Qp:Qs > 1, also known as pulmonary 
overcirculation or “pulmonary steal”). This problem may be 
solved simply by increasing pulmonary vascular resistance 
(e.g., reducing inspired oxygen, increasing PaCO

2
). On the 

other hand, low blood pressure in the setting of low oxygen 
saturation may indicate hypovolemia or poor cardiac per-
formance. In this situation, improving the blood pressure 
will also increase Qp and secondarily improve the oxygen 
saturation as well.

Low oxygen saturation in a HLHS patient is 
not uncommon after bypass, and it may have several 
causes:  lung dysfunction (low pulmonary venous satura-
tion), cardiac dysfunction (low mixed-venous saturation), 
and low Qp:Qs ratio (inadequate pulmonary blood flow). 
Lung dysfunction is not straightforward to diagnose intra-
operatively, but it can be treated preemptively by optimiz-
ing tidal volumes, PEEP, and other ventilation parameters. 
Cardiac dysfunction is suggested by hypotension, narrow 
pulse pressures, lactic acidosis, and low mixed-venous oxy-
gen saturation. Hypoxemia from a low cardiac output state 
may respond to improvement in volume status and vasoac-
tive drugs. Finally, inadequate PBF (i.e., Qp:Qs < 1) may 
respond to ventilation strategies that reduce pulmonary 
vascular resistance like raising the inspired oxygen fraction 
or lowering end-tidal CO

2
, or to resizing or repositioning 

of the MBTS.
In this patient, hypoxemia is accompanied by signs 

of poor cardiac performance (i.e., hypotension, low  

mixed-venous oxygen saturation, and reduced 
pulse-pressure). This suggests that improving cardiac func-
tion will improve saturation. Answer C, dopamine, is a 
reasonable option. Other steps might include administer-
ing volume, treating hypocalcemia, and ensuring adequate 
heart rate and rhythm.

Answers A, B, and D are not correct. Any of these inter-
ventions would lower pulmonary vascular resistance, increase 
pulmonary blood flow, and therefore improve saturation. 
However, the improved saturation comes at the expense of 
forward cardiac output (“pulmonary steal”) and will even-
tually lead to worsening hypotension, lactic acidosis, and 
shock. While higher inspired oxygen fraction may indeed be 
required in some patients with HLHS, its use should be part 
of a titrated, cautious intervention in the setting of low satu-
rations and adequate cardiac performance (i.e., when hypox-
emia is due to lung dysfunction or low Qp:Qs ratio).

K E Y FAC T S

• Single-ventricle physiology involves complete mixing of 
systemic and pulmonary venous blood.

• HLHS is one of many anatomical cardiac abnormalities 
that produce single-ventricle physiology.

• HLHS can be surgically palliated in stages, the 
first of which (Norwood procedure) involves 
creation of a neoaorta and placement of a 
systemic-to-pulmonary shunt (i.e., a MBTS or a Sano 
modification).

• In an otherwise stable patient with single-ventricle 
physiology, a saturation of 75%–85% is often interpreted 
to mean that Qp:Qs = 1 (i.e., PVR and SVR are 
balanced).

• Balancing Qp:Qs ratio is critical in managing patients 
with single-ventricle physiology

• Prolonged periods of Qp:Qs > 1 may lead to 
“pulmonary steal,” in which excessive pulmonary 
blood flow occurs at the expense of forward systemic 
cardiac output. In this case, oxygen saturations will be 
higher than expected (i.e., above 85%) and systemic 
blood pressure will be low. Pulmonary steal may often 
be reversed by reducing the inspired oxygen content, 
ventilating to normo- or a mild hypercarbia, or adding 
CO

2
 to the inspired gas mixture.

• Another common problem after HLHS repair is 
hypoxemia, which may be due to inadequate PBF (i.e., 
Qp:Qs < 1), lung problems (i.e., low pulmonary venous 
saturation), or low cardiac output (i.e., low mixed-venous 
oxygen saturation).

R E F E R E N C E S
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96. ANSWER: B

Ventricular septal defect (VSD) accounts for about half 
of all congenital heart disease, making it the most com-
mon congenital cardiac anomaly. Most VSDs (70%–80%) 
are located in the membranous portion of the inter-
ventricular septum (“perimembranous”). The remainder 
are located in the muscular portion of the septum (“mus-
cular”), within the outlet septum (“subarterial”), or near 
the tricuspid valve (“inlet”). Besides anatomical location, 
VSDs are also characterized by their size and the direc-
tion of shunting. Restrictive VSDs are small enough that 
left-to-right flow is limited by the actual defect size, and 
they are associated with a significant pressure gradient. 
Nonrestrictive VSDs, on the other hand, are big enough 
that the shunt flow depends on the relative magnitudes of 
the pulmonary vascular and systemic vascular resistance 
(PVR and SVR).

VSD is typically repaired operatively by placement 
of a patch, but transcatheter closure is also possible in 
certain cases. Small, restrictive VSDs may remain asymp-
tomatic and will frequently close spontaneously (especially 
muscular or perimembranous types). Larger nonrestrictive 
VSDs, by contrast, are more hemodynamically significant. 
Flow is typically left to right, especially as PVR declines 
after birth. If untreated, children with nonrestrictive 
VSD can develop heart failure. If pulmonary flow remains 
chronically elevated, the child may develop fixed pulmo-
nary hypertension and Eisenmenger syndrome.

In this clinical scenario the patient has a large, nonre-
strictive VSD with left-to-right shunting. During a difficult 
intubation, the patient becomes hypercarbic and hypox-
emic, either of which could acutely increase PVR. Higher 
PVR coupled with lower SVR from sevoflurane results in 
acute shunt reversal through the VSD. As a result of right-to-
left shunting, the saturation remains lower than normal 
despite adequate ventilation with 100% oxygen. Methods 
to reduce right-to-left shunt focus on either increasing SVR 
or decreasing PVR.

Administering a bolus of phenylephrine (Answer B) will 
increase SVR and thereby decrease the right-to-left shunt. 
Increasing PEEP (Answer A) is incorrect; excessive PEEP 
may even further increase PVR. Decreasing the minute 
ventilation (Answer C) will be detrimental because hyper-
carbia will further increase PVR. Administering a blood 
transfusion (Answer D) will increase the oxygen carrying 
capacity, but at the expense of increased viscosity. Although 
SVR and PVR will both increase with a higher hematocrit, 

PVR increases proportionally more than SVR, with the net 
result being a worsening of the right-to-left shunt.

K E Y FAC T S

• VSDs are characterized by location, size, and direction 
of shunt flow.

• Flow through small, restrictive VSDs is limited by the 
size of the defect; these lesions often close spontaneously.

• Blood flow across larger (nonrestrictive) VSDs depends 
on the ratio of PVR to SVR. Acute increases in PVR 
or decreases in SVR may lead to shunt reversal with 
associated desaturation.

• Methods to reduce right-to-left shunt include increasing 
SVR (e.g., alpha-1-agonists like phenylephrine) or 
decreasing PVR (e.g., avoiding hypoxia, hypercarbia, 
excessive PEEP, hyperviscosity).

R E F E R E N C E S
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97. ANSWER: B

Transposition of the great arteries (TGA) is a form of 
cyanotic congenital heart disease characterized by ven-
triculoarterial discordance and atrioventricular concor-
dance. That is, the aorta arises from the right ventricle and 
the pulmonary artery arises from the left ventricle, but the 
relationship between atria and ventricles is normal. As a 
consequence, there is separation of the pulmonary and sys-
temic circulations rather than the normal series pathway. 
Mixing of blood between these two parallel circulations 
is essential for life, and it may occur at various levels (i.e., a 
patent ductus arteriosus, patent foramen ovale, atrial septal 
defect, and/or VSD).

The operation of choice for TGA is the arterial 
switch operation (ASO), in which the aorta and the pul-
monary artery are transected distal to their respective valves 
and switched to restore normal ventriculoarterial concor-
dance. Critical to the success of this operation is the proper 
reimplantation of the coronary arteries onto the “neoaorta.” 
Other operations for TGA exist as well. The Mustard and 
Senning procedures use intra-atrial baffles to redirect blood 
from the left atrium into the right ventricle (and vice-versa), 
but they leave the failure-prone right ventricle as the sys-
temic ventricle and predispose to atrial tachy-arrhythmias. 
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The Rastelli procedure makes use of an existing VSD to 
channel blood from the left ventricle into the aorta; pul-
monary flow is established by a valved conduit from right 
ventricle to pulmonary artery.

Prior to repair, the left ventricle (LV) of a child with 
TGA only needs to support the low-pressure pulmonary 
circulation. As a consequence, LV deconditioning occurs, 
and inotropic support is usually needed after bypass. (For 
this reason, a period of pulmonary artery banding is some-
times used to “retrain” the LV prior to ASO.) LV decon-
ditioning is especially pronounced when TGA occurs with 
an intact ventricular septum, since the presence of a VSD 
allows the LV to be exposed to a higher (systemic) pressure. 
LV overdistension is poorly tolerated, so left atrial pres-
sure (LAP) must be monitored carefully when coming off 
bypass after an ASO. Air within the coronaries or kinking 
and stretching of these vessels may also reduce LV function.

In this scenario, it appears that rapid administration 
of volume (i.e., blood products) has overdistended the LV 
and worsened myocardial performance. Answer B, active 
removal of circulating volume titrated to a reduction of 
LAP, is the best treatment given the severity and rapidity of 
hemodynamic deterioration. Left atrial dilation, in addi-
tion to serving as a marker of LV dysfunction, can actually 
itself worsen coronary ischemia. This occurs when (second-
ary) pulmonary artery dilation anatomically compresses 
the newly reimplanted coronary arteries.

Answer C, furosemide, will decrease filling pressures 
and LAP, but it may not work rapidly enough for an acutely 
worsening patient. Nitroglycerin acts to dilate the coro-
nary arteries and decrease preload; decreasing nitroglyc-
erine (Answer A) will not improve volume overload and 
could potentially worsen myocardial ischemia. Atropine 
(Answer D) is also unlikely to be helpful in this patient, as 
the resulting increase in heart rate will increase the oxygen 
demand of an already ischemic left ventricle.

K E Y FAC T S

• In TGA, the aorta arises from the right ventricle and the 
pulmonary artery arises from the left ventricle.

• Mixing between the two parallel circulations is essential; 
mixing can be enhanced by a prostaglandin E1 infusion 
to maintain ductal patency and, in cases of severe 
cyanosis, a balloon atrial septostomy.

• The preferred method of surgical repair is the ASO, in 
which the aorta and pulmonary artery are transected, 
switched, and the coronary arteries are reimplanted.

• After ASO, the LV is very sensitive to overdistension. 
Fluid overload may cause left atrial dilation, increased 
LAP, pulmonary artery dilation, compression of the 
coronary arteries, and acute myocardial ischemia. Close 
monitoring of LAP helps avoid acute hypervolemia.

• Postbypass LV dysfunction may also occur due to 
coronary artery air or malpositioning.

• In an acutely decompensating patient with an 
overdistended LV and high LAP, removal of blood from 
the central line can rapidly improve hemodynamics.

R E F E R E N C E S
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98. ANSWER: A

Coarctation of the aorta is a narrowing of the aortic lumen. 
When described by the relationship of the coarcted segment 
to the ductus arteriosus, it may be classified into preduc-
tal, juxta-ductal, and postductal coarctation. Preductal 
coarctation is a classic “ductal-dependent” lesion, in which 
a seemingly healthy baby goes home and returns a few days 
later in heart failure after closure of the ductus arteriosus. In 
preductal coarctation, all distal aortic blood flow is supplied 
by the ductus, and its closure produces rapid hemodynamic 
compromise. Signs and symptoms may include difficulty 
feeding; short, frequent feedings; cyanosis or sweating 
while feeding; acidosis; and weak or absent femoral pulses. 
Once diagnosed, supportive measures include infusion of 
prostaglandin E1 to maintain or reopen the ductus arterio-
sus. Postductal coarctation presents later in life, because 
there is time (beginning in utero) for the development of 
coarctation-spanning collateral vessels. Presenting signs 
and symptoms include differential blood pressures or pulse 
delay in the upper versus lower extremities, notching of ribs 
on chest X-ray from collateral arteries, and (in undiagnosed 
adults) hypertension.

Types of surgical repair include resection of the nar-
rowed segment with end-to-end anastomosis, bypass graft 
across the area of coarctation, and aortoplasty with either 
a subclavian flap or prosthetic patch. For neonates, surgical 
correction is favored; for older infants, balloon angioplasty 
may also be considered. Balloon angioplasty is usually suc-
cessful but is associated with a significant restenosis rate 
(about 25%), which may necessitate further procedures. 
Balloon angioplasty is, however, a first-line treatment for 
restenosis after surgery. Endovascular stenting may also be 
employed, but the large access sheaths required may limit 
this therapy to somewhat older patients.

Anesthetic considerations during surgical repair of 
coarctation include the necessity of a right-arm arterial line 
(due the concern about losing a left-sided pressure signal dur-
ing cross-clamping), need for inotropic support in a failing 
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heart, inadequate ventilation (from retraction of the nonde-
pendent lung if the surgery is done via a thoracotomy), spinal 
cord preservation, and postrepair hypertension (related to 
temporarily abnormal autonomic reflexes and/or endocrine 
signals). Concerns related to a high aortic cross clamp include 
heart failure, aortic dissection, and cerebrovascular accident.

Paraplegia is a rare but devastating complication of 
coarctation repair, occurring about 1% of the time. Blood 
flow to the anterior spinal artery may be compromised dur-
ing cross-clamping of the aorta, leading to hypotension dis-
tal to the cross-clamp and spinal cord injury. Babies with 
preductal coarctation may be at even higher risk for para-
plegia, because they lack the collateral vessels that typically 
supply the spinal cord during cross-clamping.

Low-grade hypothermia to 34°C–35°C (Answer A) 
is thought to be protective against spinal cord injury by 
reducing cellular metabolic demands. Maintenance of per-
fusion to the distal cord is also vital, but a mean arterial pres-
sure of only 30 mm Hg (Answer C) may not be adequate. 
Hypocarbia (Answer D) should be avoided since it reduces 
spinal cord blood flow by causing spinal and cerebral vaso-
constriction. The administration of furosemide (Answer B) 
or osmotic diuretics may facilitate brain preservation in cases 
of high intracranial pressure, but they have not been demon-
strated to reduce the incidence of paraplegia after coarctation 
surgery. Moreover, hypovolemia-associated hypotension 
may even be detrimental to spinal cord perfusion.

K E Y FAC T S

• Preductal coarctation often presents in the neonate as 
congestive heart failure after PDA closure.

• Postductal coarctation may present later and less 
precipitously, since collateral vessel formation allows 
some distal aortic blood flow.

• In a neonate, treatment of coarctation is usually surgical; 
in older patients or those with restenosis, balloon 
angioplasty or stenting is also effective.

• Paraplegia is a rare but devastating consequence of 
coarctation repair with high aortic cross-clamping.

• Spinal preservation measures include mild 
hypothermia, avoiding hyperventilation, and 
maintaining adequate mean arterial pressure distal to 
the clamp.
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6.
CENTR A L NERVOUS SYSTEM

Ryan Palacio, Megan Clinton, Albert Yeung, Meredith Brooks, and Herodotos Ellinas

1. A 7-year-old child with epilepsy is undergoing resec-
tion of seizure foci under general anesthesia. Which of 
the following interventions is most likely to produce 
seizure activity on electroencephalography (EEG)?

A. Methohexital
B. Hypoventilation
C. Isoflurane
D. Midazolam

2. A  4-year-old girl with intractable epilepsy is sched-
uled to undergo a temporal lobectomy. She is on several 
anticonvulsant drugs, including valproic acid. Which 
of the following is most likely to be a result of valproic 
acid therapy?

A. Weight loss
B. Coagulopathy
C. Gingival hyperplasia
D. Hyperkalemia

3. A 10-year-old girl who presented with headaches and 
visual impairment undergoes resection of a craniopha-
ryngioma. Postoperatively, she has a high output of 
dilute urine. Which serum laboratory finding is most 
likely?

A. Hypoosmolality
B. Hypernatremia
C. Hypoglycemia
D. Hyperkalemia

4. An obese 5-year-old boy is found to have a 3 cm by 2 cm 
lesion in the posterior fossa and will undergo surgical 
resection in the sitting position. Which clinical situation 
is most frequently associated with the sitting position?

A. Decreased risk of venous air embolism
B. Increased blood loss

C. Increased airway pressures
D. Increased ability to hyperventilate

5. A 12-year-old girl is undergoing surgical resection of 
an intracranial tumor. Which of the following is the most 
sensitive detector of intraoperative venous air embolism?

A. Precordial Doppler
B. Decrease in ETCO

2

C. Hypotension
D. Oxygen desaturation

6. Most arteriovenous malformations (AVMs) pro-
duce symptoms and are discovered in what time period 
of life?

A. Infancy
B. <10 years old
C. 20–40 years old
D. 40–50 years old

7. What is the best ventilation strategy for a patient with 
moyamoya disease?

A. Mild hyperventilation to PaCO
2
 of 35

B. Normocarbic ventilation
C. Hypoventilation
D. Hyperventilation to PaCO

2
 of 30

8. A 6-month-old child with craniosynostosis is under-
going cranial vault reconstruction. Suddenly, the 
patient becomes hypotensive and there is a decrease in 
end-tidal CO

2
. Which of the following should not be 

done in response?

A. Flood the surgical field with saline.
B. Aspirate from central venous catheter.
C. Place patient in reverse Trendelenburg position.
D. Begin fluid resuscitation.
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9. Which of the following is an indication for cranial 
vault reconstruction in a patient with craniosynostosis?

A. Normal intracranial pressure
B. Patent foramen ovale
C. Seizures
D. Prevention of developmental delay

10. Which of the following syndromes is associated 
with craniosynostosis?

A. Pierre Robin syndrome
B. Williams syndrome
C. Apert syndrome
D. Marfan syndrome

11. A  16-year-old girl presents for posterior spinal 
fusion for idiopathic scoliosis. Her angle of curvature is 
70 degrees. Which of the following is most likely to be 
true about her clinical status?

A. Pulmonary artery pressure is elevated.
B. Restrictive lung disease is absent.
C. Vital capacity is increased.
D. Prognosis is worse than in neuromuscular scoliosis.

12. During scoliosis surgery, intraoperative neurophys-
iologic monitoring using somatosensory evoked poten-
tials (SSEPs) is performed. SSEP readings are most 
affected by which of the following?

A. Neuromuscular blockade
B. Dexmedetomedine infusion
C. Volatile agent at 0.5 MAC
D. Hypotension (MAP < 55 mm Hg)

13. You are performing intraoperative neurophysi-
ologic monitoring with SSEPs. You are using a volatile 
anesthetic technique and your current end-tidal isoflu-
rane concentration reads 1.2 MAC (minimum alveolar 
concentration). What would be the changes you would 
expect in SSEP amplitude and latency?

 Amplitude Latency

A. Increased Decreased
B. Increased Increased
C. Decreased Increased
D. Decreased Decreased

14. You are beginning the anesthetic for a scoliosis sur-
gery case for which you plan to monitor SSEPs. Which 
medication will cause an increase in SSEP amplitude?

A. Ketamine
B. Propofol

C. Isoflurane
D. Dexmedetomidine

15. A  14-year-old girl was placed prone for scoliosis 
spinal surgery lasting 10 hours. Intraoperatively, she 
remained hemodynamically stable, requiring no vaso-
pressors or blood product transfusions. Estimated blood 
loss was noted to be 300 mL. An hour into her postan-
esthesia care unit (PACU) stay she notes “blurry” vision 
in both eyes, with left worse than right. Fundoscopic 
exam reveals a normal optic disk without edema. What 
is the most likely mechanism of her injury?

A. Ischemic optic neuropathy
B. Compression of the globe
C. Central retinal artery occlusion
D. Corneal abrasion

16. Most children with meningocele have what associ-
ated malformation?

A. Arnold Chiari
B. Congenital heart disease
C. Urologic complications
D. Orthopedic complications

17. Which of the following is most likely to be a con-
sideration in the anesthetic management of patients 
undergoing myelomeningocele repair?

A. Massive blood loss
B. Positioning difficulties
C. Increased risk of allergic reaction to antibiotics
D. Decreased risk of latex sensitivity

18. A  10-year-old previously healthy boy underwent 
resection of a medulloblastoma 1 year ago. He remains 
anxious in the medical setting and requests sedation for 
his follow-up brain magnetic resonance imaging (MRI). 
Which of the following items is the most likely to be a 
consideration during his imaging study?

A. Increased heart rate caused by the magnet
B. Auditory protection during the scan
C. Development of severe hypothermia
D. Low risk of focal heating

19. A 5-year-old boy is scheduled to undergo a brain and 
spine MRI with contrast to evaluate for neurofibromas. 
Which of the following is true about the gadolinium 
contrast agent that is to be used for this patient?

A. Gadolinium is not approved for use in children.
B. Gadolinium is associated with the development of 

nephrogenic systemic fibrosis.
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C. Gadolinium is more likely to cause anaphylactic 
reactions than iodine-based contrast media.

D. Gadolinium should never be used in patients with 
chronic renal disease.

20. A 3-year-old girl with epilepsy is admitted to the hos-
pital because of frequent seizures. She is scheduled for a 
single-photon emission computed tomography (SPECT) 
scan. Which of the following is true regarding this scan?

A. The scan may be used to localize seizure foci.
B. The radionuclide must not be injected during a seizure.
C. The radionuclide may cause hemodynamic instability.
D. Patient should undergo scan within 12 hours of the 

seizure.

21. A  5-year-old boy with myotonic dystrophy type 1 
is scheduled for laparoscopic gastrostomy tube place-
ment. Which of the following medications is most 
likely to cause myotonic contraction?

A. Lidocaine
B. Desflurane
C. Rocuronium
D. Succinylcholine

22. A 13-year-old boy with a history of myelomeningo-
cele repair and lower-extremity paralysis is undergo-
ing revision of a ventriculoperitoneal shunt. Shortly 
after skin incision, the patient has a sudden drop in 
his blood pressure. What is the most likely cause of his 
hypotension?

A. Autonomic hyperreflexia
B. Increased intracranial pressure
C. Venous air embolism
D. Anaphylaxis

23. A 13-year-old girl with cerebral palsy underwent sco-
liosis surgery 2 days ago. She has a fever and is complain-
ing of hallucinations and pruritis. Discontinuation of 
which of her preoperative medications is most likely the 
cause of her symptoms?

A. Dantrolene
B. Phenytoin
C. Baclofen
D. Cimetidine

24. A 13-year-old girl is undergoing posterior spinal fusion 
for idiopathic scoliosis with SSEP monitoring. Which of 
the following changes is concerning for ischemia?

A. Increased amplitude, increased latency
B. Increased amplitude, decreased latency

C. Decreased amplitude, increased latency
D. Decreased amplitude, decreased latency

25. A  7-year-old boy with a closed head injury shows 
signs of impending herniation. Which intervention 
will decrease his intracranial pressure the fastest?

A. Furosemide 0.5 mg/kg IV
B. Hyperventilation to PaCO

2
 of 30 mm Hg

C. Dexamethasone 0.5 mg/kg IV
D. Mannitol 1 g/kg IV

26. A 4-year-old boy with familial dysautonomia pres-
ents for Nissen fundoplication for severe gastroesopha-
geal reflux. Which of the following would be expected 
in this patient?

A. Increased lacrimation
B. Increased baseline norepinephrine serum 

concentrations
C. Increased respiratory response to hypoxia
D. Increased incidence of central sleep apnea

27. A 9-year-old girl is in the intensive care unit after a 
traumatic brain injury. Her serum sodium on admission 
was 139 mEq/L. It is now 125 mEq/L. Which of the fol-
lowing is most consistent with a diagnosis of syndrome 
of inappropriate antidiuretic hormone secretion?

A. Low urine osmolarity
B. Low central venous pressure
C. High plasma osmolarity
D. High urine sodium concentration

28. Which of the following conditions is most likely 
present in a 1-day-old neonate presenting for closure of 
a myelomeningocele?

A. Arnold-Chiari malformation
B. Intracranial hypertension
C. Tetralogy of Fallot
D. Obstructive sleep apnea

29. An 8-year-old girl is admitted to the intensive care 
unit after a closed brain injury. Intracranial pressure 
(ICP) monitoring is placed. Over the course of the next 
hour, the ICP increases from 15 mm Hg to 22 mm Hg. 
Other vital signs remain unchanged. Which of the fol-
lowing should be avoided in the initial management of 
the increased ICP?

A. Hyperventilation to PaCO
2
 of 30 mm Hg

B. Administration of 3% saline, 0.1 to 1.0 mL/kg per hour
C. Administration of mannitol 0.25 to 1.0 g/kg
D. Administration of rocuronium 1.2 mg/kg
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30. A 3-year-old boy is scheduled for a ventriculoperito-
neal shunt placement for hydrocephalus. Over the past 
24 hours, he has started vomiting and is increasingly 
lethargic. A  rapid sequence induction and tracheal 
intubation is planned. Which of the following induc-
tion agents should be avoided?

A. Etomidate
B. Ketamine
C. Propofol
D. Thiopental

31. A  12-year-old girl with cerebral palsy is scheduled 
for placement of a baclofen pump for treatment of spas-
ticity. Baclofen mediates its effects through which of 
the following receptors?

A. Voltage-gated calcium channel
B. Alpha-2 adrenergic receptor
C. Gamma-aminobutyric acid (GABA) A receptor
D. Gamma-aminobutyric acid (GABA) B receptor

32. A 3-year-old boy presents for elective tonsillectomy 
and adenoidectomy. During your preoperative evalua-
tion you notice that he only speaks single words at a time 
(no two- or three-word sentences), he repeats words, he 
jumps up and down while looking out the window, and 
does not respond when his father calls him. He walked 
at about 12 months of age. You are not sure how he will 
handle preoperative sedative medications.
 The most likely diagnosis associated with your preop-
erative evaluation is:

A. Cerebral palsy
B. Seizure disorder
C. Autism
D. Attention-deficit/hyperactivity disorder (ADHD)

33. A 5-year-old boy was an unrestrained backseat pas-
senger in a motor vehicle collision. Upon arrival to the 
emergency department (ED), he is obtunded and there 
is concern for brain herniation. The attending physician 
orders mannitol in an attempt to decrease intracranial 
pressure (ICP).
Effects of mannitol administration include the following:

A. Pharmacologic osmotic duration >12 hours
B. Transient increase in cerebral blood flow (CBF)
C. Prolongation of rocuronium effect
D. Increase in cerebrospinal fluid (CSF) production

34. A  3-year-old boy was recently diagnosed with a 
posterior fossa tumor and is undergoing resection.
The neurosurgeon requests dexamethasone during the 
procedure.

Dexamethasone’s pharmacologic effects and/or thera-
peutic uses include the following:

A. High mineralocorticoid activity and use for adrenal 
insufficiency

B. Superior central nervous system penetration and use 
to decrease cerebral edema

C. Glucocorticoid effect equivalent to hydrocortisone
D. Clinical effect similar with both low- and high-dose 

administration

35. A 5-year-old boy with epilepsy on anticonvulsants is 
being operated for leg fracture status post fall.
Perioperative considerations include the following:

A. He will have an increase requirement of 
nondepolarizing muscle relaxants.

B. Antiepileptic medications should be held for day of 
surgery.

C. He will need fewer opioids postoperatively for pain 
management.

D. His induction may include methohexital.

36. Correct statements about brain tumors in children 
include the following:

A. They are the most common pediatric malignancy.
B. Posterior fossa tumors present with ataxia and 

vomiting.
C. With prone positioning, risk of venous air embolus 

is minimal.
D. With chronic anticonvulsant therapy, fewer 

perioperative opioids are required.

37. A 10-year-old girl presents to the operating room for 
resection of a craniopharyngioma.
What are perioperative concerns regarding her 
diagnosis?

A. Decreased urinary output is a presenting  
symptom.

B. Hyperthyroidism with anxiety and palpitations is 
associated with this diagnosis.

C. Stress dose steroids are recommended for surgical 
procedures.

D. Transphenoidal approach is a common technique in 
children.

38. The major excitatory neurotransmitter in the cen-
tral nervous system is:

A. GABA
B. Glycine
C. Calcium
D. Glutamate
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39. Benzodiazepines, volatile anesthetics, and barbitu-
rates act primarily at which receptor?

A. AMPA
B. GABA

A

C. GABA
B

D. NMDA

40. The global cerebral blood flow of children is approx-
imately what rate?

A. 40 mL/100 g per minute
B. 50 mL/100 g per minute
C. 60 mL/100 g per minute
D. 70 mL/100 g per minute

41. Cerebral glucose utilization in the child reaches its 
highest level at which age?

A. 5 weeks
B. 2 years
C. 8 years
D. 20 years

42. Cerebrospinal fluid circulation begins at what time 
during development?

A. Early during intrauterine development
B. Just before birth
C. Just after birth
D. 3 months

43. The lower limit of cerebral autoregulation in 
nonanesthetized preterm infants is approximately 
what value?

A. 15 mm Hg
B. 20 mm Hg
C. 25 mm Hg
D. 30 mm Hg

44. Cerebral blood flow increases with:

A. Alkalosis
B. Hyperoxia
C. Hypercapnia
D. Hypocapnia

45. Failure of neural tube closure occurs during what 
week of development?

A. Fourth week
B. Fifth week
C. Sixth week
D. Seventh week

46. Peripheral cutaneous sensory receptors start devel-
oping at what gestational age in the fetus?

A. Second week
B. Seventh week
C. Tenth week
D. Fifteenth week

47. Inflammation may impact neonatal pain in 
what way?

A. It may cause weakening of the immune system, 
causing increased vulnerability to pain.

B. It may cause certain spinal neurons to “die,” thereby 
creating a hypersensitized area in the body.

C. It may cause expansion of receptor fields 
of myelinated nociceptors, thereby causing 
hypersensitivity to pain.

D. It may cause reorganization of myelinated and 
unmyelinated nociceptors within the dorsal lamina 
of the spinal cord, which causes hypersensitivity 
to pain.

48. Closure of the anterior fontanelle occurs by what age?

A. 6 months
B. 9 months
C. 13 months
D. 20 months

49. The spinal cord is formed by what process?

A. Neural mesoderm thickens to form folds that later 
develop into the neural tube, which becomes the 
spinal cord.

B. Neural endoderm fuses initially at the caudal end 
of the neural tube and then fuses at the cranial end 
forming the central nervous system.

C. Neural ectoderm fuses to close the anterior end 
of the neural tube and then closes throughout 
its length before fusing the caudal end of the 
neural tube.

D. Neural endoderm forms the neural tube, where 
fusion begins in the cervical region and proceeds in 
both the cephalad and caudal direction.
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C H A P T E R   6  A N S W E R S

1. ANSWER: A

Patients with epilepsy and intractable seizures are often can-
didates for surgical intervention. Surgical techniques that 
have been used to treat patients with epilepsy include resec-
tion of seizure foci, lobectomy, corpus callosotomy, and 
hemispherectomy. An alternative surgical intervention is 
placement of a vagal nerve stimulator. If good outcomes can 
be achieved with either resection of seizure foci or placement 
of a vagal nerve stimulator, these techniques would be chosen 
because they are often the least fraught with complication.

Resection of seizure foci in older, cooperative children 
may be performed via an awake craniotomy or by using 
very little sedation. Younger children are less likely to be 
cooperative for an awake craniotomy, and for these chil-
dren, general anesthesia is used. During general anesthesia, 
intraoperative electrophysiologic studies may be employed 
to minimize damage to brain tissue that controls important 
functions and maximize the chances of resecting all of the 
tissue involved in seizure generation. These studies include 
somatosensory evoked potentials (SSEPs), motor evoked 
potentials (MEPs), and electroencephalogram (EEG), as 
mentioned in this question.

When intraoperative EEG is used to identify seizure 
foci, agents that depress cerebral electrical activity should 
be discontinued. These agents include volatile anesthetics 
and midazolam. Some recommend that a nitrous oxide/
opioid anesthetic technique be used for these procedures 
because these anesthetics have little effect on the seizure 
threshold. Hyperventilation is a technique that may be 
used to lower the seizure threshold and produce seizure 
activity on EEG. Injection of methohexital (0.25–0.5 mg/
kg) has also been shown to activate EEG seizure discharges 
when used in patients with epilepsy. Both of these tech-
niques are sometimes used when it is difficult to identify 
a seizure focus. Interestingly, methohexitol has not been 
shown to provoke EEG seizure activity in nonepileptic 
patients, although it can cause excitatory side effects such as 
abnormal muscle movements, hiccoughing, or tremor.

Vagal nerve stimulators can be helpful in patients with 
intractable epilepsy. These stimulators are implanted subcu-
taneously, with electrodes implanted around the left vagus 
nerve. By frequent stimulation of the vagus nerve, these 
devices seem to inhibit seizure activity at the brainstem and 
cortical levels. For many patients with epilepsy, vagal nerve 
stimulators dramatically improve seizure control. Reported 
side effects of vagal nerve stimulators are rare and include 
bradycardia and vocal cord impairment.

K E Y FAC T S

• Patients with epilepsy and intractable seizures can 
be treated surgically with resection of seizure foci, 

lobectomy, corpus callosotomy, and hemispherectomy 
and insertion of a vagal nerve stimulator.

• Volatile anesthetics and midazolam can depress cerebral 
electrical activity.

• Nitrous oxide and opioid anesthetics have little effect on 
the seizure threshold.

R E F E R E N C E S
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2. ANSWER: B

Patients who present for seizure surgery can be on a variety 
of anticonvulsant drugs. These medications have various 
side effects, some of which are important to consider for 
anesthetic planning. Abnormalities of hematologic func-
tion are seen with several anticonvulsant medications, and 
they can manifest as a decreased platelet count, decreased 
red or white blood cell production, or abnormalities in 
coagulation. Hepatotoxicity is another frequent effect of 
anticonvulsants.

Valproic acid is a commonly used anticonvulsant 
medication in the pediatric population. A  side effect of 
this medication that is particularly concerning in the set-
ting of a craniotomy is valproate-induced coagulopathy. 
Thrombocytopenia is the typical coagulopathic abnor-
mality of valproate therapy, but increased bleeding with a 
normal platelet count can also be seen with this drug. The 
thrombocytopenia caused by valproate therapy is thought 
to be a result of peripheral antibody-mediated platelet 
destruction and bone marrow suppression. Elevated 
plasma valproic acid levels seem to correlate with the inci-
dence of thrombocytopenia, and platelet counts tend 
to normalize after reduction in valproic acid dosing. In 
patients on valproic acid with normal platelet counts and 
platelet dysfunction, there is frequently a platelet aggre-
gation defect that also tends to normalize as the dose of 
valproate is decreased. To reduce the likelihood of coagu-
lopathy on valproate, drug levels should be followed by the 
patient’s neurologist. Preoperatively, platelet count and 
coagulation studies should be assessed.

Other severe side effects of valproic acid include hem-
orrhagic pancreatitis, bone marrow suppression, hepa-
totoxicity, and encephalopathy. Weight gain can also 
be seen. It is not common to see gingival hyperplasia with 
valproate therapy; rather, this is a well-known side effect of 
phenytoin therapy. Finally, electrolyte abnormalities are 
usually not associated with valproic acid therapy.
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When a patient is taking anticonvulsant medication, 
it is important to recognize that the metabolism of anes-
thetic medications may be affected. This is particularly true 
for muscle relaxants and opioids. Patients on anticonvul-
sants may require an increased dose of these medications.

K E Y FAC T S

• Anticonvulsant medications can cause abnormalities 
of hematologic function, including decreased platelet 
count, decreased red or white blood cell production, or 
abnormalities in coagulation.

• Hepatotoxicity is another frequent effect of 
anticonvulsants.

• Side effects of valproic acid include coagulopathy, 
thrombocytopenia, hemorrhagic pancreatitis, 
bone marrow suppression, hepatotoxicity, and 
encephalopathy.

• Metabolism of anesthetic medications may be affected 
by anticonvulsants.

R E F E R E N C E S
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3. ANSWER: B

Craniopharyngioma tumors arise in the suprasellar region 
and have a peak incidence between 5 and 15 years of age. 
Accounting for 1%–3% of all pediatric brain tumors, these 
tumors are also frequently associated with hypothalamic 
and pituitary dysfunction. The question describes a patient 
who develops diabetes insipidus postoperatively, a com-
mon problem in patients with craniopharyngioma tumors.

Diabetes insipidus (DI) is a result of a deficiency of 
the antidiuretic hormone arginine vasopressin (ADH), 
and central DI may be caused by surgical trauma to vaso-
pressin neurons, damage to the hypothalamic-pituitary 
stalk, or by neoplasms themselves. DI may be seen in the 
postoperative period in patients who did not have the con-
dition preoperatively, and it may develop hours after surgery 
when residual ADH in the posterior pituitary is depleted. 
A  sudden increase in dilute urine output accompa-
nied by hypernatremia and hyperosmolality is a sign of 
postoperative DI. One would not expect to see an associ-
ated hypoglycemia in these patients. Hypokalemia, rather 
than hyperkalemia, would be expected because of urine 

potassium losses. The correct answer is hypernatremia, an 
expected finding in DI.

Treatment of acute postoperative DI with large urinary 
losses includes an infusion of aqueous vasopressin (1 to 
10 mU/kg per hour), in addition to replacement of uri-
nary losses with crystalloid and close monitoring of fluid 
input and output as well as electrolytes. Patients should be 
cared for in an intensive care unit. These patients should be 
transitioned to oral fluid intake as soon as possible because 
thirst sensation will be a better regulator of blood osmo-
lality. Desmopressin can then be started in a patient with 
new-onset DI.

K E Y FAC T S

• DI is a common postoperative complication in patients 
with craniopharyngioma tumors.

• DI results from a deficiency of the antidiuretic 
hormone ADH.

• Central DI may be caused by surgical trauma 
to vasopressin neurons, damage to the 
hypothalamic-pituitary stalk, or by neoplasms 
themselves.

• A sudden increase in dilute urine output, accompanied 
by hypernatremia and hyperosmolality, is a sign of 
postoperative DI.
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4. ANSWER: D

Variations in positioning during neurosurgical procedures 
are associated with different anesthetic considerations. 
Patients with signs and symptoms of increased intracra-
nial pressure should be maintained with head elevation 
to maximize cerebral venous drainage. Head position 
should maximize surgical exposure while minimizing 
other possible problems. For example, extreme neck flex-
ion can cause brainstem compression in patients with a 
posterior fossa mass, and it could also lead to endotracheal 
tube kinking. Pinning is often used to secure head position 
in older children. Neonates and infants have thin calvaria, 
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precluding the use of pins. Various headrests can be used 
to best position these small patients. Surgery of the pos-
terior fossa generally involves the prone position for chil-
dren, which has advantages and disadvantages. With larger 
children, the sitting position may be preferred. The lateral/
beach chair position is infrequently used in pediatrics.

The sitting position provides ideal exposure for surgical 
procedures involving the posterior fossa, but it is uncom-
monly used for children under the age of 3. This position 
may be used for obese children who would not otherwise 
tolerate excessive intrathoracic and abdominal pressures 
inflicted by the prone position. Advantages and disadvan-
tages of the sitting position are listed in Table 6.1.

Posterior fossa and spinal surgery is often performed 
with patients in the prone position. One important con-
sideration for this position is ensuring that there is free 
abdominal wall motion, because increased intra-abdominal 
pressure may impair ventilation. Care should be taken to 
avoid compression of both the femoral nerve and the geni-
talia when patients are in the prone position. Endotracheal 
tube dislodgement is a concern with this position, and air-
way edema may develop in prolonged procedures in the 
prone position. Advantages and disadvantages of the prone 
position are listed in Table 6.2.

K E Y FAC T S

• Patients with signs and symptoms of increased 
intracranial pressure should be maintained with head 
elevation to maximize cerebral venous drainage.

• Advantages and disadvantages of various positions for 
neurosurgical positions are listed earlier.
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5. ANSWER: A

Venous air embolism (VAE) can occur during neurosurgi-
cal procedures in infants and children. Entrainment of air 
is more likely to occur when there is a larger pressure gra-
dient between the operative site and the heart. Because 
of this, a VAE would be more likely to occur in the sitting 
position versus the supine or prone position. It should be 
noted that children undergoing suboccipital craniotomy 
in the sitting position have a similar incidence of VAE as 
adults.

In children who experience VAE, there appears to be 
a higher incidence of hypotension and a lower likelihood 
of successful aspiration of air via central line. If air enters 
the venous circulation, its presence can impede right ven-
tricular outflow. Pulmonary changes, including edema, 
bronchoconstriction, and right heart failure, can ensue. 
A ventilation/perfusion mismatch may lead to an acute 
drop in end-tidal CO

2
. Hypoxia secondary to increased 

dead space ventilation may not become evident until car-
diovascular collapse is imminent. If invasive monitoring is 
being used, increases in right atrial and pulmonary artery 
pressures can be an indication of embolism size. These 
changes are often delayed, making the use of these monitors 
less reliable in the intraoperative setting.

Precordial Doppler ultrasonography, an inexpensive 
and noninvasive technique, has been demonstrated to be 
the earliest and most sensitive indicator of venous air 

Table 6 .1 ADVANTAGES AND DISADVANTAGES 

OF THE SITTING POSITION

ADVANTAGES OF 

SITTING POSITION

DISADVANTAGES OF 

SITTING POSITION

Increased diaphragmatic 
excursion

Increased risk of venous air 
emboli

Increased ease of 
hyperventilation

Cervical cord stretching from 
excessive neck flexion

decreased airway pressure Obstruction of venous drainage 
from face/tongue

Access to the face and 
endotracheal tube

Abdominal compression from 
excessive knee flexion

Increased surgical exposure Sciatic nerve injury

Decreased blood loss

Table 6 .2 ADVANTAGES AND DISADVANTAGES 

OF THE PRONE POSITION

ADVANTAGES OF PRONE 

POSITION

DISADVANTAGES OF 

PRONE POSITION

Decreased risk of venous air  
emboli

Endotracheal tube 
dislodgement, especially with 
excessive neck flexion

Head elevation decreases venous 
bleeding

Postoperative blindness

May be optimal position for 
posterior fossa surgery

facial, conjunctival, or airway 
edema

Risk of facial erosion or 
damage from oral/nasal 
tubing pressure
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embolism. Doppler can often diagnose VAE prior to cata-
strophic complications. Ideal positioning of the Doppler 
is over the fourth intercostal space at the right sternal 
border. For infants in the prone position, an alternative 
placement location is between the scapulae. Proper place-
ment of the Doppler can be confirmed by injecting 5 mL of 
saline and listening for the characteristic change in sound. 
Figure 6.1 illustrates the relative sensitivity of air-embolism 
monitoring devices.

While precordial Doppler is the most sensitive moni-
tor of VAE, other methods of detecting VAE exist. 
Echocardiography is the most specific method for detect-
ing venous air embolism. The use of echocardiography 
during pediatric neurosurgery is limited because of patient 
size and positioning. End-tidal CO

2
 concentration should 

be measured, as acute decreases may signify the presence of 
VAE, as described earlier. End-tidal nitrogen increases in the 
setting of VAE; however, this monitor is not readily available 
in most operating rooms. Increases in right atrial pressure 
and decreases in systemic blood pressure are also associated 
with VAE. Most clinicians employ several of these monitor-
ing techniques during pediatric neurosurgical procedures.

K E Y FAC T S

• VAE is more likely to occur when there is a larger 
pressure gradient between the operative site and 
the heart.

• Echocardiography is the most specific method for 
detecting venous air embolism.

• Signs of VAE include hypotension and pulmonary 
changes, including edema, bronchoconstriction, and 
right heart failure. Ventilation/perfusion mismatch may 
lead to an acute drop in end-tidal CO

2
.
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6. ANSWER: D

Hereditary and congenital vascular lesions range from the 
common and benign (nevus flammeus) to the rare and seri-
ous (neurocutaneous). Broadly, vascular lesions are classi-
fied as either hemangiomas or vascular malformations. 
Hemangiomas are the most common vascular lesions and 
present in infancy and childhood, and result from a dense, 
abnormal, dilated collection of blood vessels. Most 
occur sporadically and are small, causing cosmetic issues 
only. They are of concern if they ulcerate or interfere with 
vision, airway, or organ function. Hemangiomas are 

AIR EMBOLISM

Relative sensitivity
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Echocardiogram
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figure 6.1 Relative sensitivity of air-embolism monitoring devices. (Reprinted with permission from Cote CJ, Lerman J, Todres ID, eds. 
A Practice of Anesthesia for Infants and Children. 4 ed. Philadelphia, PA: Saunders; 2009.)
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present at birth in about 30% of those affected but some-
times are not obvious until 1 month of age. Typically hem-
angiomas will grow during the first year before involuting 
over the next decade. Forty percent resolve completely; the 
remainder do not and may require treatment.

Vascular malformations are classified as arteriovenous 
malformations (AVMs), venous anomalies, and capil-
lary telangiectasias. AVMs are shunts between the arte-
rial and venous systems. Venous anomalies result from 
abnormal venous drainage. Capillary telangectasias are 
capillary malformations that may form extensive vascular 
networks through an organ. Hereditary hemorrhagic tel-
angiectasia (HHT; Osler-Weber-Rendu syndrome) is an 
autosomal dominant vascular disorder with an incidence 
of 1 per 3000 and is associated with mutations in endog-
lin on chromosome 9 and activin receptor-like kinase-1 
on chromosome 12. The vascular lesion may be associated 
with Klippel-Trenaunay syndrome or Sturge-Weber 
syndrome.

Pediatric vascular lesions, including those involving the 
posterior cerebral artery and the great vein of Galen, pres-
ent during the neonatal period with signs and symptoms 
of congestive heart failure. However, the majority of vas-
cular lesions are discovered in the fourth to fifth decade of 
life. Only 18% present before age 15. Older children will 
present with signs of subarachnoid hemorrhage or intra-
ventricular hemorrhage.

K E Y FAC T

• Vascular malformations are classified as AVMs, venous 
anomalies, and capillary telangiectasias.
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7. ANSWER: B

Moyamoya disease is a condition that involves abnormal 
vascular networks in the brain, which can lead to occlu-
sion of intracranial vessels. There is both a congenital 
and an acquired form of this condition, which is often 

diagnosed after patients experience transient ischemic 
attacks or strokes. One common trigger of these events is 
hyperventilation.

Treatment of moyamoya disease may be medical or 
surgical. Medical treatment involves antiplatelet therapy. 
Surgical treatment is pial syangiosis, in which the superfi-
cial temporal artery is inserted into the pial surface of the 
brain to cause revascularization.

The anesthetic management of patients with moy-
amoya disease involves careful attention to ventilation, as 
addressed by this question. Even mild hyperventilation may 
result in reduction in regional blood flow in these patients 
who already have compromised cerebral blood flow. 
Hyperventilation and the associated hypocarbia can 
also result in profound vasoconstriction, resulting in 
vasospasm. The ventilation goal for these patients should 
be to achieve normocarbia, in contrast to other pediatric 
neurosurgical procedures in which mild hyperventilation 
is desired. Maintenance of adequate hydration and nor-
mothermia are also important in patients with moyamoya 
disease.

K E Y FAC T S

• Moyamoya disease is a condition that involves abnormal 
vasculature of the brain, leading to occlusion of 
intracranial vessels.

• Key anesthetic goals include avoidance of 
hyperventilation and the associated hypocarbia that 
can also result in profound vasoconstriction, resulting 
in vasospasm. Furthermore, maintenance of adequate 
hydration and normothermia are also important.
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8. ANSWER: C

Venous air embolism (VAE) is a complication that has 
been reported to occur frequently in patients undergoing 
craniectomy for craniosynostosis repair. While the inci-
dence of VAE may be as high as 83% in this procedure, it 
is usually not a hemodynamically significant event. VAE 
occurs when the noncollapsible veins of the cranium are 
exposed to atmospheric pressure, and air is entrained. This 
complication occurs more readily in surgical procedures in 
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which the head is positioned above the heart (i.e., the sit-
ting position), but it can be seen in craniosynostosis because 
significant blood loss can decrease central venous pres-
sure and lead to a gradient between the surgical site and the 
right atrium. If a large volume of air is entrained, hemody-
namic consequences can be severe. Right ventricular out-
flow obstruction can occur secondary to the air, which may 
lead to right-sided heart failure, which in turn may lead to 
cardiovascular collapse.

An important sign of a VAE is a decrease in end-tidal 
CO

2
. This occurs because air blocks the passage of blood 

from the right ventricle into the pulmonary artery, 
reducing pulmonary blood flow and causing ventila-
tion/perfusion mismatching. There are other tools that 
are more sensitive in monitoring for VAE. Precordial 
Doppler is the most sensitive modality to detect intravas-
cular air. Echocardiography is the most specific tool for 
detecting intravascular air, but it is of limited use in cra-
niosynostosis repair because of patient positioning and 
the small size of the patients undergoing this procedure. 
Monitoring end-tidal nitrogen concentration is another 
mechanism to detect air embolism; however, the clinical 
utility of this is questionable as the increase in end-tidal 
nitrogen that results from VAE is very small and may be dif-
ficult to detect. Other symptoms of VAE are less sensitive. 
These include hypotension, bradycardia, electrocardio-
gram changes, and increased right atrial pressures.

Practitioners need to take several important steps in 
the setting of suspected VAE. When VAE is suspected, the 
surgeon should be immediately notified so that the surgical 
field can be flooded with saline. This prevents further air 
entrainment. If nitrous oxide is being used, it should imme-
diately be discontinued because of the risk of enlarging the 
volume of air that has been introduced into the circulation. 
The child should be placed in the Trendelenburg position, 
which will help to decrease entrainment of air and increase 
the patient’s central venous pressure. Aspiration of air via 
central venous catheter may also be performed. In the case 
of a hemodynamically significant VAE, fluid resuscitation 
and vasopressors may be warranted.

VAE in the pediatric population has several important con-
siderations. The ability to aspirate intravascular air is less 
likely to be successful in a pediatric patient. Additionally, 
children tend to respond to VAE with hypotension more 
frequently than the adult population. Finally, children have 
a high potential for intracardiac shunts, such as patent 
foramen ovale, atrial or ventricular septal defects, or other 
sequelae of congenital cardiac disease. When these shunts 
exist in the setting of VAE, it is possible for air to pass to the 
systemic circulation with disastrous consequences.

K E Y FAC T S

• Right ventricular outflow obstruction can occur 
secondary to the VAE, which may lead to right-sided 

heart failure, which in turn may lead to cardiovascular 
collapse.

• Precordial Doppler is the most sensitive modality to 
detect intravascular air. Echocardiography is the most 
specific tool.
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9. ANSWER: D

Craniosynostosis occurs when one or more of the cranial 
sutures fuse prematurely, resulting in abnormal bone 
growth that leads to an abnormal head shape. This disor-
der may be isolated or may occur in association with a syn-
drome. Its incidence is approximately 5 per 10,000 births. 
Males are affected more than females. Skull growth contin-
ues for the first 2 years of life, by which time the skull 
is more than 90% of its adult size. If the sagittal suture 
fuses, sagittal synostosis, the head appears boat-shaped. 
This is known as scaphocephaly. Unilateral coronal syn-
ostosis causes ipsilateral flattening of the forehead and 
orbit deviation outward. This is known as plagiocephaly. 
A broad, flattened forehead, brachycephaly, results from 
bilateral coronal synostosis. Flattening of the occiput 
may result from unilateral/bilateral lambdoid synosto-
sis or physical remolding from supine sleeping. The major 
concern with this disorder is compromised intracranial 
volume and impaired brain growth leading to neurologic 
dysfunction.

Craniosynostoses syndromes result from FGFR gene 
mutation. Crouzon syndrome is the most common dis-
order and presents with multiple suture fusions. Other 
craniosynostoses syndromes often have limb and/or cardiac 
anomalies as well. These syndromes include Pfeiffer, Apert, 
Jackson-Weiss, and Saethre-Chotzen. Occasionally, cra-
niosynostosis is associated with metabolic disorders, includ-
ing hyperthyroidism and hypophosphatasia.

There are several indications for cranial vault reconstruc-
tion in patients with craniosynostosis, including elevated 
intracranial pressure, psychosocial reasons, and preven-
tion of adverse neurologic consequences (developmental 
delay, visual loss, and evolving hydrocephalus). While sei-
zures can occur in patients with craniosynostosis (and may, 
in fact, be a result of hydrocephalus), this is rarely an indica-
tion for surgery. Cranial vault reconstruction is typically an 
elective procedure, but there are several indications for an 
urgent repair. These include the need to protect the eyes in 
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patients with severe proptosis resulting from craniosynos-
tosis and to manage acute or chronically raised ICP.

K E Y FAC T S

• Craniosynostosis occurs when one or more of the cranial 
sutures fuses prematurely, resulting in abnormal bone 
growth that leads to an abnormal head shape.

• Indications for cranial vault reconstruction in patients 
with craniosynostosis include elevated intracranial 
pressure, psychosocial reasons, and prevention of adverse 
neurologic consequences (developmental delay, visual 
loss, and evolving hydrocephalus).
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10. ANSWER: C

In 20% of cases of craniosynostosis, the condition is asso-
ciated with a syndrome. More than 150 syndromes have 
a known association with craniosynostosis. Of the syn-
dromes listed, Apert syndrome is the one commonly associ-
ated with the condition.

Pierre Robin syndrome: While this is a craniofacial 
syndrome, it is not typically associated with craniosynos-
tosis. Rather, the hallmarks of the Pierre Robin syndrome 
include micrognathia, glossoptosis, and cleft palate. 
These patients may present as newborn emergencies because 
of airway occlusion, which can result from the small man-
dible and sucking action of the infant. If cases are mild, the 
infants are placed prone during care and feeding. In severe 
cases, a tracheostomy may be necessary to prevent airway 
occlusion. The tongue may be sutured anteriorly to the 
mandible, to keep the airway open. Eventually, the mandi-
ble grows enough to accommodate the tongue and patients 
learn to keep the tongue forward, preventing airway occlu-
sion. Direct laryngoscopy can be very difficult in these 
patients, and airway obstruction is common. A nasal trum-
pet can be helpful to prevent airway occlusion. Distraction 
osteogenesis can be used to prevent tracheostomy. 

Feeding issues may necessitate a nasogastric or gastrostomy 
tube. There is an increased incidence of congenital heart 
disease in patients with cleft lip or cleft palate.

Williams syndrome: This syndrome is not associ-
ated with craniosynostosis. The most notable features 
of Williams syndrome are the cardiac manifestations, 
most commonly supravalvular aortic stenosis. These 
patients may exhibit other congenital cardiac malforma-
tions and are known for having “elfin” facies and neo-
natal hypercalcemia. Distinctive characteristics of the 
Williams facies include wide mouth, almond-shaped 
eyes, upturned nose, and small pointed ears. Williams  
syndrome is also characterized by mild developmental 
delay often with increased musical aptitude and social affa-
bility. Patients with this syndrome may be sensitive to noise 
with delayed communicative speech and visual, spatial, 
and motor skill defects, making them seem more delayed 
than they actually are. In 90% of cases this syndrome is a 
result of a microdeletion on chromosome 7 on or near the 
gene encoding elastin.

Apert syndrome: This syndrome, also known as acro-
cephalosyndactyly, is an autosomal dominant disorder 
associated with synostoses of the cranium, vertebral bodies, 
hands, and feet. This syndrome results from a mutation of 
the FGFR-2 gene. The skull may be irregular in shape and 
manifest as “cloverleaf skull.” These patients also exhibit 
hypertelorism, proptosis, and mid-face hypoplasia. 
Apert syndrome also includes the presence of syndactyly, 
which is not associated with the phenotypically similar 
Crouzon syndrome. Anomalous nasopharyngeal passage 
may be present. Diffuse acneiform lesions may involve 
arms, buttocks, and thighs and is treatment resistant. These 
patients may also have severe seborrhea, nail dystrophy, and 
cutaneous and ocular hypopigmentation.

Marfan syndrome: An autosomal dominant dis-
ease of skeletal and connective tissue, this syndrome is not 
associated with craniosynostosis. Common manifestations 
of Marfan syndrome include aortic aneurysm second-
ary to weakness of the aortic media leading to ascending 
aorta dilation, mitral valve prolapse and regurgitation, 
spontaneous pneumothorax, ectopia lentis (optic lens 
dislocation), myopia, scoliosis, joint laxity, arachno-
dactyly (long digits), pectus excavatum, and tall stat-
ure. Diagnosis in patients with no family history requires 
skeletal features, two other affected systems, and one of the 
following major criteria: ectopia lentis, aortic root dilation, 
and aortic dissection. If a family history is present, diagnosis 
necessitates only two affected systems. The most concerning 
feature of this disease is aortic aneurysm formation, which 
usually starts as dilation of the aortic root. Mutations in the 
fibrillin-1 gene account for most cases, resulting in abnor-
mal or decreased levels of fibrillin deposited in the extra-
cellular matrix. Shprintzen-Goldberg syndrome is a very 
rare phenotypically similar syndrome, which does include 
craniosynostosis.
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K E Y FAC T S

• Hallmarks of the Pierre Robin syndrome include 
micrognathia, glossoptosis, and cleft palate.

• Williams syndrome is associated with supravalvular 
aortic stenosis and neonatal hypercalcemia.

• Apert syndrome, also known as acrocephalosyndactyly, 
is an autosomal dominant disorder associated with 
synostoses of the cranium, vertebral bodies, hands, 
and feet.

• Marfan syndrome is an autosomal dominant disease of 
skeletal and connective tissue, including aortic aneurysm 
secondary to weakness of the aortic media, leading 
to ascending aorta dilation, mitral valve prolapse and 
regurgitation, spontaneous pneumothorax, ectopia lentis 
(optic lens dislocation), myopia, scoliosis, joint laxity, 
arachnodactyly (long digits), pectus excavatum, and tall 
stature.
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11. ANSWER: A

Patients presenting for scoliosis surgery have some degree 
of pulmonary impairment, which tends to be more severe 
with a more severe thoracic curvature. Other factors that 
contribute to pulmonary morbidity include the morphol-
ogy of the curve, the number of involved vertebrae, and 
the rigidity of the curve. Curvature in scoliosis surgery is 
usually measured by the Cobb angle, which is depicted 
in Figure 6.2. In this method, the vertebrae that tilt most 
severely toward the convex side of the curve are used to 
determine the angle.
An angle of less than 10 degrees is normal. Surgical 
intervention is typically recommended for patients 
with a curvature of greater than 40 to 50 degrees. 
Patients with curvature as minor as 25 degrees have been 
found to have an increase in pulmonary artery pres-
sures on echocardiography. This increased pulmonary 
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Figure 6.2 Cobb angle. (Reprinted with permission from Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and Children. 
4 ed. Philadelphia, PA: Saunders; 2009:634.)
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vascular resistance is due to thoracic cage lung compres-
sion, impaired development of the pulmonary vascular 
bed in the setting of scoliosis, and hypoxic pulmonary 
vasoconstriction. The severity of pulmonary complica-
tions increases as the curvature increases. Vital capac-
ity decreases with curves greater than 60 degrees, and 
symptomatic lung disease manifests in patients with 
curves greater than 100 degrees. Moderate or severe 
pulmonary impairment is defined as having pulmo-
nary function tests that are less than 65% predicted. 
This level of pulmonary impairment is present in 20% of 
patients with a thoracic curve of 50–70 degrees. Table 6.3 
summarizes the effects of increasing scoliosis curvature, 
with the caveat that respiratory symptoms can be seen 
with lesser curves in some patients.

Patients with idiopathic scoliosis tend to have fewer 
complications than patients with neuromuscular sco-
liosis. In patients with neuromuscular scoliosis there is 
an increased risk of hyperkalemia after succinylcholine 
administration, a potentially life-threatening complica-
tion. Patients with neuromuscular scoliosis have higher 
blood loss during scoliosis surgery and have a higher inci-
dence of respiratory complications and ventilatory support 
postoperatively.

K E Y FAC T S

• Patients presenting for scoliosis surgery have some degree 
of pulmonary impairment, which tends to be more 
severe with a more severe thoracic curvature.

• Severity of pulmonary complications increases as the 
curvature increases.

• Vital capacity decreases with curves greater than 60 
degrees, and symptomatic lung disease manifests in 
patients with curves greater than 100 degrees.
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12. ANSWER: D

The incidence of neurologic injury associated with scoliosis 
surgery is less than 0.5% and has decreased in recent years. 
Neurologic injury is more common in children with greater 
curvatures (100 degrees or greater), congenital scoliosis, and 
kyphosis. Intraoperative monitoring of spinal cord func-
tion can help prevent neurologic injury. There are several 
methods of monitoring spinal cord function, including the 
wake-up test, somatosensory-evoked potentials (SSEPs), 
and motor-evoked potentials (MEPs). Intraoperative 
monitoring with these techniques can result in immediate 
removal of surgical instruments and may improve prognosis 
should spinal cord injury result. Because of the devastating 
nature of neurologic injury, one or more of these techniques 
should be used for every patient undergoing major scoliosis 
surgery.

The wake-up test involves decreasing the patient’s 
depth of anesthesia and asking the patient to perform 
motor tasks. If a patient is able to squeeze a hand but is 
unable to move her feet, a problem with the integrity of the 
spinal cord may exist. In the case of a positive test, removal 
of the spinal instrumentation immediately may prevent 
permanent neurologic injury. The limitation of the wake-up 
test is that it can only be used on children who can follow 
instruction appropriately. With the development of SSEP 
and MEP monitoring, the wake-up test is performed less 
frequently. Intraoperative recall and accidental extubation 
during the wake-up test are some of the risks.

SSEPs work by stimulating a peripheral nerve and then 
measuring the response to that stimulation via scalp elec-
trodes. The pathway involves the electrical signal traveling 
from the dorsal root ganglia up the dorsal columns to the 
dorsal column nuclei at the cervical medullary junction. 
Secondary fibers then cross the midline and travel to the 
thalamus through the medial lemniscus, and third-order 
fibers then continue from the thalamus to the frontopari-
etal sensorimotor cortex. These cortical signals are picked 
up by the scalp electrodes.

SSEPs reflect the integrity of the dorsal columns, 
responsible for proprioception and vibration. The dorsal 
columns are supplied by the posterior spinal artery. The 
limitation of this technique is that it is a measurement of 

Table 6 .3 EFFECTS OF INCR EASING SCOLIOSIS 

CURVATUR E

ANGLE OF CURVE CLINICAL SIGNIFICANCE

<10 Normal

>25 Echocardiographic evidence of increased 
pulmonary artery pressures

>40–50 Surgical intervention (less for 
neuromuscular scoliosis)

>65 Restrictive lung disease

>100 symptomatic lung disease, dyspnea 
on exertion

>120 Alveolar hypoventilation

SOURCE: Adapted from lecture “Orthopedics, Trauma, Burns” from 
Society for Pediatric Anesthesia Intensive Review of Pediatric Anesthesiology 
course 2013.
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the sensory nervous system only, and it does not specifically 
reflect the integrity of the motor pathways. Because these 
sensory tracts are close in proximity to the motor tracts, 
however, changes in SSEP signals may reflect compromise 
of the motor pathways. In fact, SSEP has been shown to 
decrease the incidence of neurologic deficits by approxi-
mately 50%. When there is a decrease in amplitude and an 
increase in latency of SSEP data, spinal cord function may 
be compromised.

Several clinical alterations have an important effect on 
SSEP data. Hypotension affects SSEP amplitude more 
than latency. The largest changes in SSEP slowing are 
noted with mean arterial pressures less than 60  mm Hg. 
Intentional hypotension aimed at decreasing blood loss 
can make SSEP monitoring less reliable as a clinical tool. 
Hyperventilation causes vasoconstriction, decreasing spi-
nal cord blood flow, causing ischemia (CO

2
<20  mm Hg) 

and increasing SSEP amplitude. Most volatile anesthet-
ics cause a dose-dependent depression in amplitude and 
a dose-dependent increase in latency. In general, SSEP 
recording can be performed with 0.5 to 0.75 minimum 
alveolar concentration of volatile anesthetic without com-
plication. Neuromuscular blockade does not have an effect 
on SSEP monitoring. Additionally, dexmedetomidine does 
not seem to have an effect on SSEP monitoring.

MEPs reflect the integrity of motor pathways in the 
anterior spinal cord, which is supplied by the anterior spi-
nal artery. Measuring MEPs involves electrical stimulation 
of the motor cortex applied via the scalp. Motor responses 
are then measured distal to the area of interest. These path-
ways are affected by neuromuscular blockade.

K E Y FAC T S

• There are several methods of monitoring spinal 
cord function, including the wake-up test, SSEPs, 
and MEPs.

• SSEPs reflect the integrity of the dorsal columns, 
responsible for proprioception and vibration.

• MEPs reflect the integrity of motor pathways in the 
anterior spinal cord, which is supplied by the anterior 
spinal artery.
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13. ANSWER: C

Neurophysiologic monitoring, including both SSEPs 
and MEPs, is an important aspect of caring for patients 
undergoing scoliosis surgery. These evoked potentials are 
measured in terms of amplitude and latency. Amplitude 
signifies the evoked potential wave’s peak-to-peak voltage 
difference. Latency represents the time from the stimulus 
to peak of response. Anesthetic drugs have various effects 
on SSEPs, with the majority of anesthetic agents causing 
decreased amplitude and increased latency.

Inhalational anesthetics cause a dose-dependent 
change in evoked responses. As inhalational concentration 
increases, SSEP waveforms will have a depression of ampli-
tude and an increase in latency. These dose-dependent 
changes can lead to limitations when using intraoperative 
neurophysiologic monitoring to prevent neurologic injury. 
In general, SSEP recording can be performed with 0.5 
MAC of the volatile anesthetic without changes in either 
amplitude or latency.

Table 6.4 summarizes the effects of common anesthetic 
agents on SSEPs. While most volatile and intravenous 
anesthetics depress both SSEPs and MEPs, ketamine and 
etomidate are the exceptions. Both ketamine and etomi-
date enhance amplitudes on both monitoring modalities.

K E Y FAC T S

• Anesthetic drugs have various effects on SSEPs, with 
the majority of anesthetic agents causing decreased 
amplitude and increased latency.

• Both ketamine and etomidate enhance amplitudes on 
both monitoring modalities.
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14. ANSWER: A

See Table 6.4 for a summary of the effects of common anes-
thetic agents on SSEPs. While most volatile and intravenous  
anesthetics depress both SSEPs and MEPs, ketamine and 
etomidate are the exception. Both ketamine and etomi-
date enhance amplitudes on both monitoring modalities. 
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Propofol causes a less than 10% reduction in SSEP ampli-
tude. Dexmedetomidine does not seem to affect SSEP data.

K E Y FAC T S

• Anesthetic drugs have various effects on SSEPs, with 
the majority of anesthetic agents causing decreased 
amplitude and increased latency.

• Both ketamine and etomidate enhance amplitudes on 
both monitoring modalities.

R E F E R E N C E S
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15. ANSWER: A

Postoperative visual loss is a devastating complication 
associated with spinal surgery. With an incidence as great 
as 0.2%, this complication is unpredictable and not well 
understood.

Ischemic optic neuropathy (ION) is the most common 
cause of postoperative blindness in nonophthalmic surgery. 

ION accounts for 90% of cases, with the remaining 10% 
resulting from central retinal artery occlusion (CROA).

The mechanism of ION is infarction of the optic 
nerve, and it is a complication that has been reported after 
spinal surgery, cardiopulmonary bypass, and other types 
of operations. Most reports of ION involve adult patients, 
but older children have also been affected. ION can be 
classified as anterior or posterior, depending on the loca-
tion of damage to the optic nerve. Posterior ION is the 
most common type of injury following prone positioning. 
Patients may experience a momentary blurring of vision 
that seems to be predominantly in the left eye. On initial 
fundoscopic examination, the optic nerve and disk appear 
to be normal. In contrast, anterior ION is often associated 
with optic disk edema.

The ASA Task Force on Perioperative Blindness sites 
many possible factors as contributing to development of 
ION. These include hypotension, blood loss, anemia, hypo-
volemia, hypoxia, hemodilution, edema of the face, use of 
vasopressors, infusion of large amounts of fluid, pressure on 
the eye, prone and head-down positions, increased venous 
pressure, and extended duration of surgery. ION does not 
appear to be related to pressure on the globes.

CROA, however, does seem to be related to pressure 
on the globes. It is usually secondary to decreased retinal 
perfusion pressure due to arterial hypotension or intra-
ocular hypertension. CROA is usually unilateral and can 
be complicated by poor positioning.

The most common ophthalmic complication after gen-
eral anesthesia is corneal abrasion. This complication usu-
ally occurs because of inadvertent direct trauma to the 
cornea while the patient is under anesthesia. The symptoms 
of corneal abrasion include pain, foreign body sensation in 
the eye, and photophobia. Fluorescein staining of the cor-
nea confirms the diagnosis. Corneal abrasions usually heal 
within several days, and the treatment includes eye patching 
and antibiotic ointment. While the patient in this question 

Table 6 .4 EFFECTS OF ANESTHETICS ON SSEP DATA

AGENT AMPLITUDE LATENCY COMMENTS

Volatile anesthetics ↓ ↑ Dose-dependent depression of SSEPs and 
MEPs; may use in subanesthetic doses

Nitrous oxide ↓ 0 Mostly negative effects on SSEPs and MEPs

Propofol ↓ ↑ Better preserves amplitude than volatile agents

Dexmedetomidine 0 0 Minimal effect on SSEPs; more studies needed

Opioids ↓ ↑ Minimal effects on SSEPs and MEPs; 
dose-dependent depression in large doses

Ketamine ↑ 0

Etomidate ↑ ↑

Midazolam ↓ 0

Neuromuscular blockade 0 0 No effect on SSEPs; limit recording during MEPs

MEPs, motor-evoked potentials; SSEPs, somatosensory-evoked potentials.
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would be more likely to experience a corneal abrasion than 
ION, the absence of pain and photophobia make this the 
incorrect answer.

K E Y FAC T S

• ION is the most common cause of postoperative 
blindness in nonophthalmic surgery.

• Mechanism of ION is infarction of the optic nerve.
• CROA does seem to be related to pressure on the globes. 

It is usually secondary to decreased retinal perfusion 
pressure due to arterial hypotension or intraocular 
hypertension.
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16. ANSWER: A

Neural tube closure defects are one of the most common 
congenital disorders of the nervous system with an inci-
dence of one per 1000 live births. Spina bifida malforma-
tions are categorized as spina bifida occulta, spina bifida 
cystic with meningocele, and spina bifida cystic with 
myelomeningocele.The malformations most commonly 
occur in the lumbar and sacral areas. Myelomeningocele is 
the most common form and most likely to lead to disability.

Spina bifida occulta results from incomplete closure of 
vertebrae, but the abnormality is usually small. The cord 
remains in the spinal canal and there is no external sac. The 
overlying skin may be normal or have hair growing from the 
area or be marked by a dimple, birthmark, or lipoma.

Spina bifida cystic with meningocele is the least com-
mon form of spina bifida and has abnormal vertebrae along 
with protrusion of meninges, dura, and arachnoid, through 
vertebral laminae defect. A cystic swelling occurs, usually in 
the lumbosacral area. The spinal cord remains in the spinal 
canal and the nervous system is usually normal. There are 
unlikely to be long-term effects.

Spina bifida cystic with myelomeningocele has abnor-
mal vertebrae along with protrusion of meninges and a 
portion of the spinal cord. The incidence is 10 times that of 
meningocele.

Meningocele generally lacks an association with car-
diac, urologic, and orthopedic abnormalities. However, 
Arnold-Chiari malformations are quite common in patients 
with this condition. Alternatively, patients with myelome-
ningocele (involving herniation not only of meninges 
but also neural elements) commonly present with cardiac 
defects and urologic and orthopedic complications. Many 
children with myelomeningocele will develop hydroceph-
alus and require a cerebrospinal fluid shunt. Specifically, 
a type II Arnold-Chiari lesion is the most common in 
patients with both meningocele and myelomeningocele.

K E Y FAC T S

• Spina bifida malformations are categorized as spina 
bifida occulta, spina bifida cystic with meningocele, and 
spina bifida cystic with myelomeningocele.

• Meningocele generally lacks an association with cardiac, 
urologic, and orthopedic abnormalities.
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17. ANSWER: B

Blood loss is generally low during myelomeningocele 
repair, usually consisting of less than 10% of the patient’s 
blood volume. Rarely, anatomic variants can complicate 
surgical correction. This is more likely to occur if the sac 
is large or if a large amount of skin repair is necessary. 
Temperature regulation is always a concern in the neo-
nate. Positioning and intubation can be problematic spe-
cifically with occipital encephalocele patients. If a difficult 
airway is suspected, awake intubation should be considered. 
Lastly, for unknown reasons, children with myelodyspla-
sia have an increased prevalence of allergy to latex. They 
do not have an increased risk of allergic reaction to antibiot-
ics when compared to the general population.

Positioning neonates with myelomeningocele (MMC) 
for induction of general anesthesia and intubation may 
be problematic as no direct pressure should be applied to 
the protruding spinal cord. Children with MMC have 
an increased incidence of intestinal, renal, cardiac, and 
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tracheoesophageal malformations. Hydrocephalus and 
Chiari malformation are commonly found in patients 
presenting for MMC and VP shunt placement may occur 
simultaneously with repair of MMC. Scoliosis, clubfoot 
(talipes equinovarus), and flat or high-arched foot are 
common orthopedic abnormalities present in patients 
with MMC. Electrolyte abnormalities may also be pres-
ent. Hydrocephalus, CSF leak, wound infection, and/or 
wound dehiscence can occur postoperatively and result in 
re-presentation to the operating room.

Given that most of these patients are young, usually less 
than 1 year of age and often only days old, common intra-
operative problems associated with the infant population 
should be considered. Hypoxemia, bradycardia, laryngo-
spasm, and bronchospasm may occur.

K E Y FAC T S

• Blood loss is generally low during myelomeningocele 
repair, usually consisting of less than 10% of the patient’s 
blood volume.

• Children with myelodysplasia have an increased 
prevalence of allergy to latex.

R E F E R E N C E S

Chand MB, Agrawal J, Pista P. Anaesthetic challenges and manage-
ment of myelomeningocele repair. PMJN NAMS. 2011;11:1.

Soliman D, Cladis FP, Davis PJ. Chapter  21:  The Pediatric Patient. 
In:  Fleisher LA. Anesthesia and Uncommon Diseases. 6th ed. 
Philadelphia, PA: Saunders; 2012:589–591.

Vavilala M, Soriano SG. Chapter  22:  Anesthesia for Neurosurgery. 
In: Motoyama EK, Davis PJ. eds. Smith’s Anesthesia for Infants and 
Children. 8th ed. St. Louis, MO: Elsevier Mosby; 2011:733–4.

18. ANSWER: B

Magnetic resonance imaging (MRI) is frequently used to 
evaluate intracranial neoplasms, as well as many other dis-
orders. MRI studies require patient immobility to achieve 
the best image quality, and the studies themselves tend to 
be long (frequently longer than 1 hour). Therefore, anesthe-
siologists are commonly needed to provide either sedation 
or general anesthesia for patients having MRI scans.

Because MRI uses a superconducting magnet to gener-
ate a strong magnetic field (usually 0.5 to 3 Tesla), there are 
many safety considerations when anesthetizing a patient for 
an MRI scan. Ferrous objects that are mistakenly brought 
into the scanner room can become projectiles, attracted 
by the strong magnetic field. Projectile disasters can cause 
injury to patients, and there have even been reports of 
death from projectile objects brought into the MRI scan-
ner. Only trained providers should be allowed in the MRI 
suite, and they should be vigilant regarding ferromagnetic 

objects. The US Food and Drug administration has created 
a nomenclature system for MRI compatibility:

• MRI-safe—object is not known to be hazardous in the 
MRI environment

• MRI-conditional—object may or may not be safe in 
the MRI environment

• MRI-unsafe—object poses a real hazard or risk in the 
MRI environment and should never be placed in the 
MRI environment

Many objects or devices that patients have implanted 
may pose risks in the MRI suite, and providers should inves-
tigate the MRI safety of these implants before a patient is 
allowed to enter the MRI scanner area. These objects may 
include intracranial aneurysm clips, cochlear implants, 
vascular stents, prosthetic limbs, cardiac pacemakers, 
and tracheostomy tubes. Specifically, Bivona tracheos-
tomy tubes should be replaced with an endotracheal tube 
or an MRI-safe tracheostomy tube (such as a Shiley trache-
ostomy tube) prior to scanning. The hazards that Bivona 
tracheostomy tubes may produce in the MRI environment 
include tracheostomy tube motion or rotation, risk of ther-
mal injury, and creation of artifact on images.

The MRI environment poses monitoring consider-
ations for providers. MRI-safe monitors are available to be 
used for patients undergoing MRI imaging. These monitors 
do not contain ferromagnetic components. Even MRI-safe 
monitors are prone to artifact during scanning. Artifact is 
frequently seen on electrocardiogram tracing. Additionally, 
elevation of the T-wave may be seen during MRI scan, 
because of superimposed induced voltages. MRI does not 
affect heart rate, blood pressure, or contractility.

Monitoring in MRI may be hazardous when focal heat-
ing occurs. This can happen when there are exposed wires 
or when a conductive loop of wire causes thermal injury. 
Therefore, Answer D is incorrect, because focal heating is 
always a risk. Unconnected imaging coils should never be 
left on the patient during the scan, as this would predispose 
the patient to this type of problem.

Providers should insure that patients undergoing MRI 
imaging have adequate auditory protection, as the MRI 
scanner produces a loud banging sound during scanning. 
Ranging from 65 to 95 dB, this level of noise is not gener-
ally hazardous if the exposure is for a short period of time. 
However, all patients undergoing MRI should have ear-
plugs or headphones. Choice B is correct because auditory 
protection during the scan is an important consideration.

Severe hypothermia is unlikely to develop in this 
patient during his MRI scan. It is more common for 
patients to have an increase in body temperature during 
MRI imaging, as the exposure to magnetic fields tends to 
increase body temperature. Small children and infants may 
be more susceptible to cooling during longer scans, but this 
is unlikely to result in severe hypothermia.

 

 

 

 

https://kat.cr/user/Blink99/



194  •   organ-Based BasIc and clInIcal scIences

K E Y FAC T S

• Ferrous objects that are mistakenly brought into the 
scanner room can become projectiles, attracted by the 
strong magnetic field.

• Patients undergoing MRI imaging should have adequate 
auditory protection.
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19. ANSWER: B

Gadolinium is a contrast agent used for MRI enhance-
ment. It is approved by the FDA for use in adults and chil-
dren. Gadolinium is biodistributed to the extracellular 
compartments because it forms a complex with chelating 
agents. It undergoes renal elimination, with a half-life 
between 1.3 and 1.6 hours. It has a lower incidence of 
severe anaphylactic reactions than conventional contrast 
material, with an incidence of less than 0.01%.

Gadolinium has been associated with the development 
of nephrogenic systemic fibrosis (NSF) in both adult 
and pediatric patients. NSF is seen in patients with renal 
impairment, and it manifests as a multisystem fibrosing dis-
ease. It is most common in dialysis patients given high doses 
of gadolinium. It is a rare disorder, with approximately 500 
reported cases, but its effects are debilitating. Skin fibrosis 
and joint contractures are the most common manifesta-
tions, but it has been implicated in fibrosis of other organ 
systems as well. Of the patients who develop NSF, 5% have 
a rapidly progressive course. Patients who continue to have 
poor renal function after developing NSF typically do not 
have an improvement in symptoms. There have been cases of 
improvement in NSF symptoms in patients who have sub-
sequently undergone renal transplant or who have regained 
renal function after their diagnosis.

NSF has been reported in 10 children, but little is 
known about this condition in the pediatric population. 
Because neonates have immature renal function, the cur-
rent guidelines recommend that gadolinium not be given 
to neonates and that it is used with extreme caution in 
infants. Interestingly, there has not been a reported diag-
nosis of NSF in a neonate or infant. The youngest reported 
case of NSF is in an 8-year-old child. In children with renal 
impairment who require gadolinium contrast, the smallest 
dose should be used.

Gadolinium is sometimes necessary for diagnostic pur-
poses in patients undergoing MRI, including patients with 
renal failure. In these patients, the lowest possible dose of 
gadolinium should be used. Additionally, if the patient reg-
ularly receives hemodialysis, there may be benefit in sched-
uling a dialysis treatment immediately after gadolinium has 
been given. Hemodialysis reduces serum gadolinium 
concentrations rapidly.

K E Y FAC T S

• Gadolinium is a contrast agent used for MRI 
enhancement. It undergoes renal elimination, with 
a half-life between 1.3 and 1.6 hours. It has a lower 
incidence of severe anaphylactic reactions than 
conventional contrast material, with an incidence of less 
than 0.01%.

• Gadolinium has been associated with the development 
of nephrogenic systemic fibrosis (NSF) in both adult 
and pediatric patients, resulting in skin fibrosis and joint 
contractures.
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20. ANSWER: A

Epilepsy is a disease that involves recurrent spontaneous 
seizures that can be from either congenital or acquired fac-
tors. It is a disease that frequently presents in childhood 
and is present in approximately 0.6% of the population. 
Epileptic seizures can manifest in a variety of ways: simple, 
complex, partial, or generalized. Evaluation of a patient 
with epilepsy usually consists of MRI and electroencepha-
lography (EEG), frequently with video. If further local-
ization of seizure foci is warranted, nuclear medicine tests 
may be performed. Medical treatment of epilepsy with anti-
convulsant drugs may be effective; however, surgical treat-
ment is used for patients who do not respond to these drugs. 
Surgical options may include resection of the pathologic 
area of the brain, corpus callosotomy, or in severe cases, 
hemispherectomy.

The nuclear medicine studies that most frequently 
require sedation or general anesthesia are SPECT and 
positron emission tomography (PET). Both of these scans 
are useful for determining seizure foci and are commonly 
performed on inpatients who are admitted awaiting both 
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a seizure and subsequent scan. Other uses for these scans 
include evaluation of cerebrovascular disease and cognitive 
and behavioral disorders. Patients undergoing these scans 
must be motionless for approximately 1 hour, so anesthe-
siologists are frequently called on to care for these patients.

SPECT scans involve the use of radiolabeled 
technetium-99m, which has a half-life of 6 hours. This 
radionuclide is injected during a seizure and tags areas of 
increased cerebral blood flow, which correspond to the 
seizure foci. Patients should be scanned 1 to 6 hours after 
the seizure for optimal results. Technetium-99m is non-
allergenic and does not have physiologic consequences. 
There is no alteration in the patient’s hemodynamic status 
as a result of this radionuclide.

PET scan is another nuclear medicine study that may be 
used to evaluate seizure foci and can also be used to monitor 
for tumor recurrence. This scan uses radionuclide tracers of 
metabolic activity (oxygen or glucose metabolism). These 
scans are most effective when performed during the 
seizure or shortly thereafter (within an hour). Because 
they may occur on short notice, the anesthesia team must 
be immediately available and should be involved in plan-
ning the care of these children. It is helpful if IV access is 
achieved while the patient is NPO and awaiting a seizure, 
to reduce the likelihood of hypovolemia.

K E Y FAC T S

• Epilepsy is a disease that involves recurrent spontaneous 
seizures that can be from either congenital or acquired 
factors.

• Surgical options may include resection of the pathologic 
area of the brain, corpus callosotomy, or in severe cases, 
hemispherectomy.
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21. ANSWER: D

The myotonias are hereditary neurodegenerative diseases 
marked by involuntary contraction of muscle fibers 
caused by transient hyperexcitability of the surface 
membrane. The contracture can occur after voluntary 
contraction or electrical stimulation. The myotonias are a 
family of channelopathies that can be divided into two 

groups:  dystrophic and nondystrophic. The dystrophic 
group, of which myotonic dystrophy is the most common, 
shows progressive muscle wasting; the nondystrophic 
group does not exhibit wasting.

Myotonic dystrophy type 1, also known as Steinert 
muscular dystrophy, is an autosomal dominant dis-
ease that results from expansion of unstable trinucleo-
tide repeats in the dystrophia myotonica-protein kinase 
(DMPK) gene. Changes in DMPK expression lead to 
abnormal splicing of a transmembrane calcium channel 
in skeletal and smooth muscle. Expansion of trinucleotide 
repeats leads to earlier onset in life and increased severity 
of symptoms in subsequent generations. In children and 
adults, myotonic dystrophy can present as facial weakness, 
muscular wasting of the forearms and calves, and inabil-
ity to relax the handgrip. In infants, it may present with 
severe weakness, poor sucking and swallowing, and 
motor and developmental delay. It is a systemic disease, 
and patients may have developmental delay, cardiac conduc-
tion abnormalities, central sleep apnea, respiratory insuffi-
ciency, endocrinopathies, delayed gastric emptying, and 
intestinal pseudo-obstruction. Treatment is symptomatic 
and includes medications that depress sodium influx into 
muscle cells, such as mexiletine and phenytoin.

Perioperative morbidity and mortality is due principally 
to cardiopulmonary complications. In addition to preop-
erative evaluation for cardiomyopathy and respiratory insuf-
ficiency, the anesthesiologist should anticipate abnormal 
responses to anesthetic medications. Succinylcholine 
results in exaggerated contracture that can be so severe 
that ventilation and tracheal intubation can be impossible. 
Another medication that may induce myotonic reactions is 
neostigmine. The response to nondepolarizing neuromus-
cular blockers appears to be normal. However, short-acting 
nondepolarizing neuromuscular blockers or avoidance of 
relaxation may be prudent to avoid the need for neostigmine.  
Patients have increased sensitivity to the respiratory depres-
sant effects of opioids, barbiturates, benzodiazepines, 
and inhaled anesthetics. Neuraxial and regional tech-
niques have been used successfully. It is likely that myotonic 
dystrophy is not associated with malignant hyperthermia.

Other triggering factors include hypothermia, shiver-
ing, mechanical stimulation, or electrical stimulation 
such as with a twitch monitor. Phenytoin and procain-
amide may help stabilize skeletal muscle membranes intra-
operatively if contractions occur. Volatile anesthetics can 
also abolish myotonic contractions but may cause myocar-
dial depression.

K E Y FAC T S

• Myotonias are hereditary neurodegenerative diseases 
marked by involuntary contraction of muscle fibers 
caused by transient hyperexcitability of the surface 
membrane.
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• Two groups: dystrophic and nondystrophic
• Nondystrophic does not exhibit wasting.
• The dystrophic group, of which myotonic dystrophy is 

the most common, shows progressive muscle wasting.
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22. ANSWER: D

Myelodyplasia refers to abnormal fusion of the embryo-
logic groove that normally closes during the first month of 
gestation. Failure of the end of the neural tube to close results 
in defects of the vertebral arches, known as spina bifida. 
A sac-like herniation through the defect that contains CSF 
is known as a meningocele. If the herniation contains both 
CSF and neural tissue, it is called a myelomeningocele. 
Myelomeningocele is associated with hydrocephalus and 
Arnold-Chiari malformation, and it can result in paraly-
sis below the level of the lesion. Most patients born with 
myelomeningocele undergo primary closure within the 
first 48 hours of life to prevent infection. Many surgeons 
also place a ventriculoperitoneal shunt. Myelomeningoceles 
may also be repaired before birth, with some evidence of 
improved neurological outcomes.

Historically, children with myelodysplasia have shown 
an increased risk of latex allergy. Patients with myelo-
meningoceles undergo multiple surgical procedures and 
often are dependent on bladder catheterizations and thus 
may have repeated exposures of latex to mucosal surfaces. 
With clinician and parental awareness of the risk of latex 
sensitization in this population, these children are now rou-
tinely managed in latex-free environments from birth, and 
it is likely that the incidence of latex allergy has decreased. 
Children with latex allergy also show cross-reactivity with 
some antibiotics and foods. Anaphylaxis should be con-
sidered in any patient with a history of myelomeningocele 
with sudden hypotension.

Autonomic hyperreflexia may develop in patients 
with a chronic spinal cord lesion above the level of T7. It 
is characterized by severe paroxysmal hypertension with 
bradycardia, typically in response to noxious stimuli 
such as bladder or rectal distension. Increased ICP may be 

present in patients with hydrocephalus requiring shunt. 
Hemodynamic responses to increased ICP include hyper-
tension and bradycardia.

Venous air embolism (VAE) is a concern during neu-
rosurgical procedures, especially in the sitting position and 
in infants and small children undergoing craniotomies, 
because the head is large in relation to the rest of the body. 
VAE is also a possibility during the distal placement of a 
ventriculoatrial shunt. VAE can present with hypotension. 
In this situation, where the patient is a teenager and skin 
incision has just occurred, it is unlikely that VAE is the 
cause of hypotension.

K E Y FAC T S

• Myelodyplasia refers to abnormal fusion of the 
embryologic groove that normally closes during the first 
month of gestation.

• Spina bifida is a failure of the end of the neural tube to 
close, resulting in defects of the vertebral arches.

• Autonomic hyperreflexia develops in patients with a 
chronic spinal cord lesion above the level of T7 and is 
characterized by severe paroxysmal hypertension with 
bradycardia in response to noxious stimuli such as 
bladder or rectal distension.
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23. ANSWER: C

Cerebral palsy (CP) is a static encephalopathy character-
ized by nonprogressive motor and postural impairment. It 
comprises of a group of disorders manifesting with poor 
muscle control, weakness, and increased muscle tone. 
CP is the most common childhood disease of motor func-
tion, occurring in 2 in 1000 live births. It is caused by 
cerebral injury occurring antenatally, perinatally, or post-
natally. CP can be classified by characteristics of the motor 
abnormality (spastic, hypotonic, dystonic, athetotic), the 
distribution involved (monoplegia, hemiplegia, diplegia, 
quadriplegia), and the severity of the deficit.

Skeletal muscle spasticity is the most common mani-
festation of CP. Some patients have normal intelligence, 
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while others may have developmental delay and speech 
defects. Approximately one third of CP patients have a 
coexisting seizure disorder. Obstructive sleep apnea, 
recurrent respiratory infections, feeding dysfunction, 
and gastroesophageal reflux are common. CP patients 
often undergo orthopedic procedures to improve function 
of the extremities and to correct spinal deformities.

Medications used to relieve skeletal muscle spas-
ticity include baclofen, dantrolene, and botulinum 
toxin A  (Botox) injections. The mechanism for muscle 
spasticity is thought to be from inadequate release of 
γ-aminobenzoic acid (GABA) in the dorsal horn of the 
spinal cord, leading to excessive motor neuron stimulation 
by excitatory glutamate. Baclofen is a GABA(B) receptor 
agonist that binds to receptors located in the dorsal horn 
of the spinal cord. Baclofen can be administered orally 
or intrathecally via a continuous pump. Baclofen should 
not be discontinued abruptly in the perioperative period 
due to acute withdrawal, which includes seizures, hal-
lucinations, delirium, hyperthermia, and pruritis. 
Withdrawal symptoms can occur for up to 72 hours after 
cessation.

Dantrolene is a hydantoin derivative that reduces efflux 
of calcium from the sarcoplasmic reticulum. In addition 
to its role in management of malignant hyperthermia, dan-
trolene is used to treat spasticity. Cessation of dantrolene 
is not associated with the described symptoms. Phenytoin 
is an antiepileptic medication that blocks voltage-gated 
sodium channels. Its half-life is variable, averaging 20 to 
30 hours. Most anticonvulsants have a long elimination 
half-life. A missed dose over 24 hours is unlikely to result 
in seizures. Cimetidine is a histamine H2-receptor blocker 
used in the treatment of gastroesophageal reflux. It is an 
inhibitor of the cytochrome P450 system and can prolong 
the half-life of many drugs.

K E Y FAC T S

• CP is a static encephalopathy characterized by 
nonprogressive motor and postural impairment.

• Skeletal muscle spasticity is the most common 
manifestation of CP. Patients may also have obstructive 
sleep apnea, recurrent respiratory infections, feeding 
dysfunction, and gastroesophageal reflux.

• Baclofen should not be discontinued abruptly in 
the perioperative period due to acute withdrawal, 
which includes seizures, hallucinations, delirium, 
hyperthermia, and pruritis. Withdrawal symptoms 
can occur for up to 72 hours after cessation.
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24. ANSWER: C

Somatosensory evoked potentials (SEPs or SSEPs) can be 
used to monitor for spinal cord injury during scoliosis sur-
gery. It provides real-time, continuous assessment of spinal 
cord function. An SEP is a signal in the sensory pathway 
that is generated in response to stimulation of a sensory 
nerve. Typically in scoliosis surgery, a peripheral nerve 
(such as the median, peroneal, or posterior tibial nerve) is 
stimulated at a fixed interval during a procedure. The result-
ing SEP can be recorded over the scalp or spine. An intact 
neural pathway is required for an SEP to be generated. 
Intraoperative changes in the SEP during scoliosis surgery 
may indicate that this pathway has been jeopardized, either 
from ischemia or mechanical disruption of the pathway.

SEPs are described in terms of polarity (direction of 
the wave signal), amplitude (voltage difference between 
two peaks of opposite polarity), and latency (time mea-
sured from the application of the stimulus to the point of 
maximum amplitude of the evoked potential). SEPs are  
continuously repeated during surgery, with the amplitude 
and latency compared to baseline values. SEP monitoring 
and interpretation require special equipment and train-
ing. With ischemia, SEP amplitude decreases and latency 
increases. In general, a reduction in amplitude of greater 
than 50% and an increase of latency of 10% are regarded 
as clinically significant. SEPs are more reliable in patients 
with idiopathic scoliosis compared to those with neuromus-
cular scoliosis. SEPs only monitor the sensory pathway and 
provide no direct information for motor function or the 
anterior spinal cord. If SEP monitoring is equivocal, some 
advocate an intraoperative wake-up test to access motor 
function.

SEPs are affected by both pharmacologic and physi-
ologic variables. For intraoperative monitoring, the most 
important variables are anesthetic agents, blood pres-
sure, oxygenation, and body temperature. Volatile 
inhaled anesthetics produce dose-dependent decreases in 
amplitude and increases in latency. Nitrous oxide alone 
decreases amplitude but has no effect on latency. In gen-
eral, intravenous anesthetic agents have less effect on SEPs. 
Propofol, opioids, and dexmedetomidine appear to have 
minimal effect on SEPs. Hypotension results in progressive 
decrease in amplitude with no change in latency. Hypoxia 
produces a decrease in amplitude similar to the change seen 
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in ischemia. Both hypothermia and hyperthermia can cause 
perturbations in amplitude and latency.

K E Y FAC T S

• An SEP is a signal in the sensory pathway that is 
generated in response to stimulation of a sensory nerve.

• SEPs are described in terms of polarity (direction of the 
wave signal), amplitude (voltage difference between  
two peaks of opposite polarity), and latency (time 
measured from the application of the stimulus to the 
point of maximum amplitude of the evoked potential).

• In general, a reduction in amplitude of greater than 
50% and an increase of latency of 10% are regarded as 
clinically significant.
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25. ANSWER: B

Traumatic brain injury is the leading cause of mortal-
ity and morbidity in children over the age of 1. At initial 
presentation, a child may present with minimal symptoms 
of increased ICP. After the primary insult, the ICP can 
progressively increase from intracranial bleeding and 
cerebral edema. Symptoms include headache, nausea, 
vomiting, and papilledema. With abrupt increases in 
ICP, cerebral tissue from one compartment of the intra-
cranial vault can herniate into a different compartment. 
Herniation resulting in brainstem compression results in 
altered consciousness, defects in gaze, hemodynamic 
and respiratory instability, and eventually death.

Methods for decreasing ICP include head elevation, 
hyperventilation, hyperosmotic therapy, diuretics, and 
corticosteroids. Hyperventilation is controversial in 
the setting of traumatic brain injury. Guidelines recom-
mend maintaining normocapnia except in the presence 
of impending herniation, which will result in neurologi-
cal devastation. If there is evidence of herniation, the ICP 
can be rapidly reduced with hyperventilation to a PaCO

2
 

of 30–35  mm Hg. Cerebral circulation is very sensitive 
to changes in PaCO

2
. The fast response of the cerebral 

vasculature to PaCO
2
 results from rapid diffusion of arte-

rial CO
2
 across the blood–brain barrier. Hyperventilation 

causes cerebral vasoconstriction, rapidly reducing cerebral 
blood volume and therefore the ICP. However, the decrease 
in cerebral blood volume results from decreased cerebral 
blood flow, which may exacerbate cerebral ischemia. In the 
setting of impending herniation, hyperventilation is useful 
in controlling ICP until more definitive measures are taken. 
The effect of hyperventilation on decreasing ICP ceases 
after 6 to 12 hours.

Hyperosmotic drugs, such as mannitol, cause tran-
sient increases in plasma osmolarity, which draws water 
away from tissues, including the brain, thus decreasing ICP. 
Decreases in ICP can be seen within 30 minutes, with the 
maximum effect reached within 1 to 2 hours. Furosemide 
promotes a decrease in ICP by promoting diuresis and sys-
temic dehydration. The effect is not seen until diuresis com-
mences. Dexamethasone is useful in lowering increased 
ICP in the setting of localized vasogenic cerebral edema 
associated with brain tumors. Corticosteroids have not 
been shown to decrease ICP in closed head injuries. The 
resulting increase in blood glucose concentration may have 
a detrimental effect in the setting of ongoing brain ischemia 
with a traumatic brain injury.

K E Y FAC T S

• Traumatic brain injury is the leading cause of mortality 
and morbidity in children over the age of 1.

• Methods for decreasing ICP include head elevation, 
hyperventilation, hyperosmotic therapy, diuretics, and 
corticosteroids.
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26. ANSWER: D

Familial dysautonomia (FD), or Riley-Day syndrome, 
is a neurodegenerative disorder resulting from the loss of 
unmyelinated nerve fibers. FD is an autosomal recessive 
disease that has been mainly reported in the Ashkenazi 
Jewish population. The loss of unmyelinated nerve fibers 
affects central autonomic nervous system control and the 
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perception of pain and temperature. Children affected 
with FD present early in infancy with feeding difficulties, 
failure to thrive, generalized hypotonia, gastroesopha-
geal reflux, chronic aspiration, developmental delay, 
seizures, diminished response to nociceptive stimuli, 
and emotional lability. Prior to DNA testing, the diagno-
sis of FD was based on five clinical features: (1) Ashkenazi 
Jewish origin and a decrease or absence of (2) lacrimation, 
(3)  deep tendon reflexes, (4)  lingual fungiform papillae, 
and (5)  axon flare after intradermal histamine injection. 
Currently, diagnosis is confirmed by DNA analysis by 
genetic linkage testing.

Patients with FD suffer from recurrent episodes of 
dysautonomic crises that are triggered by stress. Episodes 
are characterized by a rapidly changing pattern of hyper-
tension and hypotension with tachycardia and brady-
cardia, abdominal pain, diaphoresis, skin mottling, 
and vomiting. The lack of autonomic nerve terminals on 
peripheral blood vessels seems to be responsible for the 
labile blood pressure. The autonomic dysfunction wors-
ens with age. Baseline serum concentrations of norepineph-
rine are decreased, and patients with FD may have extreme 
responses to adrenergic medications. Dysfunctional che-
moreceptors may be responsible for a decreased venti-
latory response to hypoxia and hypercarbia, with an 
increased incidence in central sleep apnea. Almost 40% 
of patients with FD have prolonged QT syndrome.

Management of anesthesia includes appropriate pre-
medication and pain control as dysautonomic crises can 
be triggered by stress or pain. FD patients are chronically 
hypovolemic from sweating and decreased fluid intake due 
to dysphagia. Correction of hypovolemia prior to surgery 
can reduce hemodynamic instability. Hypotension should 
be treated first with volume replacement, as these patients 
can have an exaggerated response to adrenergic medica-
tions. During induction, decreased doses of medications 
should be considered to avoid hypotension and bradycar-
dia. A  rapid sequence induction may be indicated for 
patients with severe gastroesophageal reflux. FD patients 
have decreased lacrimation and their eyes should be lubri-
cated and protected. Postoperatively, analgesia should be 
optimized. If a dysautonomic episode occurs, diazepam is 
the drug of choice.

K E Y FAC T S

• Familial dysautonomia (FD), or Riley-Day syndrome, 
is a neurodegenerative disorder resulting from the loss of 
unmyelinated nerve fibers.

• The loss of unmyelinated nerve fibers affects central 
autonomic nervous system control and the perception of 
pain and temperature.

• Dysautonomic crises are triggered by stress and 
are characterized by a rapidly changing pattern of 
hypertension and hypotension with tachycardia and 

bradycardia, abdominal pain, diaphoresis, skin mottling, 
and vomiting.

• Dysfunctional chemoreceptors may be responsible 
for a decreased ventilatory response to hypoxia and 
hypercarbia, with an increased incidence in central 
sleep apnea.
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PA: Churchill Livingstone Elsevier; 2010:1085–86.

27. ANSWER: D

The syndrome of inappropriate antidiuretic hormone 
secretion (SIADH) is characterized by euvolemic hypo-
tonic hyponatremia. The dilutional hyponatremia 
results from persistent or increased levels of antidiuretic 
hormone (ADH), which is also known as arginine vaso-
pressin (AVP). ADH affects the distal tubules in the kid-
neys by promoting water reabsorption and excretion of 
concentrated urine. Factors that can stimulate the release 
of ADH include hypovolemia, pain, surgical stress, 
critical illness, sepsis, pulmonary disease, central ner-
vous system injury, and a variety of drugs. SIADH can 
occur after neurosurgery and traumatic brain injury. In 
awake patients, clinical manifestations of SIADH include 
headaches, nausea, vomiting, muscle cramps, lethargy, 
restlessness, disorientation, and depressed reflexes. 
The severity of the symptoms depends on the absolute 
serum sodium concentration and the rate of decrease. 
Hyponatremia to the point of seizures is only occasionally 
observed.

SIADH should be suspected in any child who has had 
asphyxia, meningitis, a brain tumor, trauma, surgery, 
or pulmonary disease. Patients with SIADH demon-
strate hyponatremia, decreased plasma osmolarity, high 
urine sodium and osmolarity in the absence of volume 
depletion, cardiac failure, nephropathy, adrenal insuf-
ficiency, or cirrhosis. Treatment of SIADH includes free 
water restriction, repletion of sodium deficits, and counter-
ing ADH effects with judicious use of diuretics.

Cerebral salt wasting is also common after traumatic 
brain injury and neurosurgical procedures. Cerebral salt 
wasting results from excessively high levels of atrial or brain 
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natriuretic peptides. Cerebral salt wasting is characterized 
by hyponatremia, hypovolemia, and excessive urinary loss 
of sodium. See Table 6.5.

Diabetes insipidus is a frequent complication of surgery 
involving or adjacent to the pituitary gland and hypothala-
mus. A deficiency in ADH leads to hypernatremia, high 
output of dilute urine, dehydration, and hypovolemia.

K E Y FAC T S

• Syndrome of inappropriate antidiuretic hormone 
secretion (SIADH) is characterized by euvolemic 
hypotonic hyponatremia.

• ADH affects the distal tubules in the kidneys by 
promoting water reabsorption and excretion of 
concentrated urine.

• Patients with SIADH demonstrate hyponatremia, 
decreased plasma osmolarity, high urine sodium and 
osmolarity in the absence of volume depletion, cardiac 
failure, nephropathy, adrenal insufficiency, or cirrhosis.

• Treatment of SIADH includes free water restriction, 
repletion of sodium deficits, and countering ADH 
effects with judicious use of diuretics.
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Infants and Children. 8th ed. St. Louis, MO:  Elsevier Mosby; 
2011:133–4, 728–9.

28. ANSWER: A

Myelodysplasia, or spina bifida, is a congenital anomaly of 
the spine. Myelodysplasia results from abnormal fusion 
of the embryologic groove that normally closes during 
the first month of gestation. Failure of the end of the neu-
ral tube to close results in defects in the vertebrae. Tissue 

can herniate through the defect. A  sac-like herniation 
through the defect containing CSF but no spinal tissue is 
known as a meningocele. If neural tissue is present in the 
lesion, it is called a myelomeningocele. Both genetic and 
environmental factors likely play a role in the development 
of myelodysplasia. Maternal and environmental factors that 
have been implicated include folate deficiency, hyperther-
mia, and exposure to alcohol, valproic acid, carbamaze-
pine, or isotretinoin.

Myelomeningocele is one of the most complex congeni-
tal lesions compatible with life. Patients with myelomenin-
goceles will likely have motor and sensory deficits. In 
addition to the initial surgical closure of the meningomyelo-
cele, these patients will require additional procedures later 
in life, such as orthopedic and urologic surgery. Primary 
closure of the myelomeningocele usually occurs within the 
first day of life to minimize the risk of infection. Some sur-
geons also place a ventriculoperitoneal shunt at the time of 
initial surgery, as most will have associated hydrocephalus.

Patients with myelomeningocele can have associated 
congenital conditions. The Arnold-Chiari Type II mal-
formation almost always coexists, and hydrocephalus is 
frequently found at birth. However, neonates presenting for 
repair of meningomyelocele rarely present with increased 
ICP. Other congenital conditions that may be present 
include clubfoot, dislocation of the hips, exstrophy of 
the bladder, prolapsed uterus, Klippel-Feil syndrome, 
and congenital cardiac defects. Tetralogy of Fallot is not 
specifically associated with meningomyelocele.

Arnold-Chiari malformations are anatomic abnormali-
ties consisting of cephalad displacement of the cerebellum. 
In a Chiari Type II malformation, there is an abnormality of 
the posterior fossa with caudal displacement of the cerebel-
lar vermis and lower brainstem below the foramen magnum. 
Cervical cord compression can occur. Patients may present 
with vocal cord paralysis, respiratory distress, central apnea, 
abnormal swallowing, and pulmonary aspiration.

K E Y FAC T S

• Myelodysplasia results from abnormal fusion of the 
embryologic groove that normally closes during the first 
month of gestation.

Table 6 .5 characterIstIcs of sIadh, cereBral salt WastIng, and dIaBetes InsIPIdus

SIADH CER EBR AL SALT WASTING DIABETES INSIPIDUS

Central venous pressure high (>5 mm hg) low (<5 mm hg) low

Urine output Decreased Increased Increased

Urine sodium High (>20 mmol/L) High (>20 mmol/L) <20 mmol/L

Urine osmolarity High low or normal low

Serum osmolarity low low or normal High

Antiduretic hormone High Normal —
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• Both genetic and environmental factors likely play a role 
in the development of myelodysplasia. Maternal and 
environmental factors that have been implicated include 
folate deficiency, hyperthermia, and exposure to alcohol, 
valproic acid, carbamazepine, or isotretinoin.
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29. ANSWER: A

Head trauma is a major cause of mortality and morbidity 
in children and is the leading cause of death and disability 
in children over the age of 1 year. Head injuries include 
subdural and epidural hematomas, subarachnoid hem-
orrhage, skull fractures, and brain edema. Children 
with head trauma may initially present with minimal symp-
toms, but neurological deficits may develop progressively 
from intracranial hypertension or brain edema. Children 
suffer from diffuse cerebral edema more than adults, 
while adults have hematomas more frequently. Injuries to 
other body parts and organs must also be taken into con-
sideration in patients presenting with head trauma. Initial 
management of a patient with a head injury includes assess-
ment of airway, ventilation, adequacy of oxygenation, 
and circulation.

Management of traumatic brain injury includes ongo-
ing assessment of the severity of injury to detect dynamic 
changes in the patient’s neurological status. Adequate cere-
bral perfusion should be maintained, as cerebral hypoperfu-
sion is associated with cerebral ischemia and poor outcome. 
Cerebral perfusion pressure (CPP) is the difference 
between the mean arterial pressure (MAP) and either 
the central venous pressure (CVP) or the ICP, depending 
on whichever is higher. Commonly used methods of moni-
toring ICP include intraventricular catheters and intrapa-
renchymal catheters. ICP monitoring may be indicated in 
infants and children presenting with traumatic brain injury 
and a Glasgow Coma Scale of 8 or less.

Initial management of increased ICP (>20  mm Hg) 
includes elevation of the head, neuromuscular block-
ade, and hyperosmolar therapy. Mannitol at 0.25 to 1.0 
g/kg can be administered. The mechanism of mannitol in 
decreasing ICP may be related to shifting fluid from the 

brain compartment into the intravascular compartment. 
Hypertonic saline decreases ICP in a similar manner by 
facilitating the movement of water in the brain into the 
intravascular compartment. Current guidelines recom-
mend maintaining normocapnia (PaCO

2
 of 35 to 40 mm 

Hg) except in the setting of impending brain herniation. 
Hyperventilation is an effective and rapid way to produce 
cerebral vasoconstriction, therefore decreasing cerebral 
blood volume and ICP. However, the decrease in ICP is 
achieved at the expense of cerebral blood flow.

K E Y FAC T S

• CPP is the difference between the MAP and either the 
CVP or the ICP, depending on whichever is higher.

• Initial management of increased ICP (>20 mm Hg) 
includes elevation of the head, neuromuscular blockade, 
and hyperosmolar therapy.
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30. ANSWER: B

Hydrocephalus is the most common neurosurgical condi-
tion in pediatric patients. Hydrocephalus occurs when there 
is a mismatch in the production and absorption of CSF. 
Hydrocephalus can be congenital or acquired. It is caused 
by congenital abnormalities (e.g., aqueductal stenosis), 
neoplasms, inflammatory conditions (e.g., meningitis), 
and overproduction of CSF (choroid plexus papillomas). 
Hydrocephalus can be described as nonobstructive/com-
municating or obstructive/noncommunicating. Treatment 
of hydrocephalus includes placement of a ventricular drain 
or ventriculoperitoneal (VP) shunt unless the underlying 
cause can be treated. VP shunts are placed in the lateral ven-
tricles and allow drainage of CSF into the peritoneal cavity. 
If there is a problem with placing the shunt in the peritoneal 
cavity, the distal end of the shunt can be placed in the right 
atrium or pleural cavity.

Untreated hydrocephalus in children leads to an 
increase in ICP or a decrease in intracranial compli-
ance. The signs and symptoms of hydrocephalus depend on 
intracranial compliance and how rapidly the CSF volume 
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increases. In young infants with open cranial sutures and 
open fontanelles, the clinical manifestations of increased 
ICP may not be present as the skull may expand insidiously, 
resulting in craniomegaly. In older children with fused 
cranial bones, the cranial cavity is unable to expand to 
accommodate the developing hydrocephalus, and as a result 
the patient may develop signs and symptoms of increased 
ICP such as lethargy, vomiting, cranial nerve dysfunc-
tion, bradycardia, and ultimately death.

Management of a symptomatic patient presenting for 
VP shunt placement for hydrocephalus should be directed 
to controlling ICP. The patient should be evaluated for signs 
and symptoms of increased ICP. Patients with vomiting are 
at risk of aspiration and the airway should be secured with 
a rapid sequence induction and endotracheal intubation. 
During induction, patients with increased ICP should be 
placed in a head-up position. Stimulation from laryngoscopy 
can acutely increase ICP, and trachea should be intubated as 
smoothly as possible with adequate anesthesia. Ketamine, 
unlike other intravenous anesthetic medications, causes 
sudden intracranial hypertension and is contraindicated 
in a patient with hydrocephalus presenting with signs 
and symptoms of increased ICP. Mild hyperventilation can 
decrease ICP until the VP shunt is placed.

K E Y FAC T S

• Hydrocephalus can be congenital or acquired and is 
caused by congenital abnormalities (e.g., aqueductal 
stenosis), neoplasms, inflammatory conditions (e.g., 
meningitis), and overproduction of CSF (choroid plexus 
papillomas).

• Ketamine, unlike other intravenous anesthetic 
medications, causes sudden intracranial hypertension 
and is contraindicated in a patient with hydrocephalus 
presenting with signs and symptoms of increased ICP.
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31. ANSWER: D

Skeletal muscle spasticity is common in children with cere-
bral palsy. The mechanism of muscle spasticity is thought to 

be related to inadequate release of gamma-aminobutyric 
acid (GABA) in the dorsal horn of the spinal cord. Without 
the inhibitory effects of GABA in the central nervous sys-
tem, the relative excess of excitatory glutamate on the 
alpha motor neurons produces simultaneous contractions 
of agonist and antagonist muscle groups. Surgical treatment 
of spasticity includes selective dorsal rhizotomy. Medical 
management includes botulinum neurotoxin (Botox) 
injections, dantrolene, and baclofen.

Baclofen is a centrally acting muscle relaxant used for 
medical management of spasticity in patients with cere-
bral palsy and spinal cord injury. It is an agonist to the 
GABA(B) receptor in the dorsal horn of the spinal cord. 
It produces presynaptic inhibition of monosynaptic and 
polysynaptic reflexes. It is used to reduce pain associated 
with muscle spasms and to delay development of muscle 
contractures. Baclofen can improve range of motion and 
independent function in patients with spasticity. Baclofen 
can be administered orally or intrathecally via a continuous 
infusion from an implanted pump.

Side effects from baclofen include hypotension, 
drowsiness, dizziness, gastrointestinal distress, and 
urinary retention. Side effects can be managed by decreas-
ing the dose. Baclofen use has been implicated in delayed 
awakening, bradycardia, and hypotension during general 
anesthesia. Baclofen should be continued perioperatively, as 
abrupt withdrawal can result in seizures, hallucinations, 
delirium, hyperthermia, and pruritis.

K E Y FAC T S

• Skeletal muscle spasticity is a common symptom in 
children with cerebral palsy.

• The mechanism of muscle spasticity is believed to be 
related to inadequate release of GABA in the dorsal 
horn of the spinal cord.

• Medical management includes Botox injections, 
dantrolene, and baclofen.

• Baclofen is a centrally acting muscle relaxant used 
for medical management of spasticity in patients with 
cerebral palsy and spinal cord injury. It is an agonist 
to the GABA(B) receptor in the dorsal horn of the 
spinal cord.
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32. ANSWER: C

The diagnostic criteria for autism spectrum disorder 
(ASD) include social communication impairment and 
repetitive/restrictive behaviors, both of which this child 
exhibits (Diagnostic and Statistical Manual of Mental 
Disorders, fourth and fifth editions). Autistic children tend 
to have poor eye contact, tend to be unaware of other peo-
ple, and may be aloof. Their language development may 
be delayed and they may have repetitive patterns, echola-
lia, or simply unusual intonation. They may show little 
imagination with their activities but rather be involved in 
repetitive play. Perioperatively these children feel at loss, 
out of place, and may have higher anxiety levels. They may 
struggle with the physical exam (sensitivity to touch); they 
may have a hard time with multiple persons in the room 
and overall may need an IM sedative such as ketamine for 
cooperation. These children may require parental pres-
ence for induction along with a sedative in order to allow 
for a smooth anesthetic process. Depending on the sever-
ity of the disorder, they may benefit from early introduc-
tion to the operating room environment in order to prevent 
anxiety-provoking incidences on the day of surgery.

Children with attention-deficit/hyperactivity dis-
order (ADHD) exhibit short attention span and hyper-
activity (most commonly seen in boys). Although they 
may have a learning disability, their developmental delay 
is related to inattention and not due to social reciprocity 
(ASD feature).

Epilepsy occurs in 20%–30% of ASD persons, but based 
on what we know in this vignette this child does not display 
clinical seizure activity.

With normal motor development and normal age 
of walking, cerebral palsy would not be supported as a 
diagnosis.

K E Y FAC T S

• Autism spectrum disorder (ASD) includes social 
communication impairment and repetitive/restrictive 
behaviors.

• These children have poor eye contact, tend to be 
unaware of other people, and may be aloof.

• Language development may be delayed and they may 
have repetitive patterns, echolalia, or simply unusual 
intonation.
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33. ANSWER: B.

An initial transient increase in cerebral blood flow (CBF) 
may be noted due to mannitol’s direct smooth mus-
cle vasodilatory effects while reducing systemic blood 
pressure.

Mannitol is a nonreabsorbable carbohydrate that fil-
ters freely through the renal apparatus. It does not cross the 
blood–brain barrier and while holds water within the extra-
cellular space, it allows for diuresis and natriuresis. It acts 
like an osmotic diuretic agent, reducing extracellular fluid 
volume and thus cerebral edema, especially in conjunction 
with a loop diuretic such as furosemide. If the blood–brain 
barrier has been disrupted as in traumatic brain injury, it 
should be used with caution since it may cause rebound 
cerebral edema by entering the central nervous system and 
drawing fluid with it.

The recommended initial dose of 0.25–0.5 g/kg 
(larger initial doses may predispose patients to rebound 
ICP increase) administered over 15–30 minutes will 
decrease ICP within 30 minutes and will have a peak 
effect in about 1–2 hours. Eighty percent of a 100 g 
dose appears in the urine in 3 hours with pharmacologic 
effect lasting no longer than 4–6 hours. The poten-
tiation of natriuresis depends on renal blood f low and 
intravascular volume. In patients who are intravascularly 
depleted (prolonged fasting) and who are vasodilated 
(under anesthesia) administration should be extremely 
cautious. Hemodynamic instability may ensue with 
extreme hypotension.

Mannitol does not alter glomerular filtration rate and 
therefore it does not change the elimination rate of nonde-
polarizing neuromuscular blockers such as rocuronium.

Mannitol may ameliorate ICP increase by decreasing 
CSF production and thus decreasing cerebrospinal fluid 
volume.

K E Y FAC T S

• Mannitol is a nonreabsorbable carbohydrate, does not 
cross the blood–brain barrier, and allows for diuresis and 
natriuresis.

• Mannitol administered over 15–30 minutes will 
decrease ICP within 30 minutes and will have a peak 
effect in about 1–2 hours.
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34. ANSWER: B

Dexamethasone has a superior central nervous system 
penetration and, with minimal mineralocorticoid activ-
ity, is frequently used to decrease cerebral edema and 
associated increase in ICP in both oncologic and trauma 
situations. In neurosurgical cases, it is also used for its 
antinausea properties, and although the exact mechanism 
is unclear, in animal models its effect is on the nucleus 
solitarius.

Dexamethasone is about 30 times more potent 
than hydrocortisone with anti-inflammatory and 
analgesic properties. When the integrity of the 
hypothalamic-pituitary-adrenal axis is in question, it is 
administered empirically (especially with craniopharyngio-
mas). Due to its minimal mineralocorticoid activity it is not 
used alone in adrenal insufficiency, but it is rather used in 
conjunction with other corticosteroids with higher miner-
alocorticoid potency such as fludrocortisone.

Dexamethasone is frequently used in otolaryngologic 
procedures for postoperative nausea and vomiting (PONV) 
prevention as well as for amelioration of pain and airway 
swelling. Effective doses have ranged from 0.4 to 1 mg/
kg (with higher doses having a better anti-inflammatory 
effect).

One of its side effects is perineal burning and itching; 
therefore, dexamethasone should not be given to awake 
patients.

K E Y FAC T S

• Dexamethasone has a superior central nervous system 
penetration with minimal mineralocorticoid activity to 
decrease cerebral edema.

• Dexamethasone is about 30 times more potent than 
hydrocortisone with anti-inflammatory and analgesic 
properties.
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35. ANSWER: A

Chronic anticonvulsant use causes induction of hepatic 
microsomal enzymes (cytochrome P450), enhancing 
the metabolism of medications such as nondepolarizing 
muscle relaxants and opioids. Therefore, the perioperative 
requirement of medications such as vecuronium and fen-
tanyl may be increased in patients on chronic antiepileptic 
medications.

Epilepsy is prevalent in childhood (0.5%–1% of school 
age children) with the diagnosis made based on clini-
cal presentation and supporting imaging and electroen-
cephalographic (EEG) findings. Epilepsy syndromes can 
be subsequently determined based on seizure type, age of 
presentation, associated EEG findings, associated charac-
teristics, and response to medications. Perioperatively, 
children with epilepsy can have an unprovoked sei-
zure or increased seizure frequency for many reasons, 
including antiepileptic medication missed dose, anes-
thetic administration, hypoxia, cerebrovascular instabil-
ity, coincidental exacerbation of their disease process, 
electrolyte imbalance, and direct effect from neurosurgi-
cal procedure.

Anesthetic administration of a potent volatile such as 
the epileptogenic enflurane or a short-acting barbiturate 
with lowering seizure threshold abilities such as metho-
hexital can be detrimental. Methohexital causes increase 
in excitatory phenomena such as myoclonus and with con-
tinuous infusion can trigger postoperative seizures in one 
third of patients.

Perioperative preparation of a child with epilepsy 
should include the following:

1. Consultation with child’s pediatrician or neurologist 
if time permits

2. Clarification of seizure type and triggering factors
3. Careful surgery scheduling to avoid prolonged 

fasting and omission of medications
4. Blood levels of antiepileptic medications to evaluate 

subtherapeutic or toxic effects
5. Blood work to evaluate any hematologic dysfunction
6. Careful review of drug–drug interactions

K E Y FAC T

• Chronic anticonvulsant use causes induction of hepatic 
microsomal enzymes (cytochrome P450), enhancing the 
metabolism of medications such as of nondepolarizing 
muscle relaxants and opioids.
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36. ANSWER: B

Posterior fossa tumors obstruct CSF flow and can cause 
increased ICP early; morning nausea and vomiting as 
well as ataxia are early presenting signs. Other symptoms 
include cranial nerve V, VII, and X palsies with hyper-
tension or hypotension, bradycardia, and facial muscle 
movements. In young children symptoms may be confused 
with gastrointestinal manifestations and therefore the diag-
nosis may be delayed.

The most common pediatric malignancy is leukemia. 
Brain tumors are the most common solid tumors in chil-
dren and have the highest morbidity of all children with 
malignancies. Two thirds are located in the infra-tentorium 
and one third in the supra-tentorium. Presentation depends 
on location of the tumor. Diagnostic imaging includes 
MRI, and treatment entails surgery with radiation and 
chemotherapy.

Although awake craniotomies are infrequently per-
formed, in children any positioning for a craniotomy may 
place the head above the heart and therefore increase the 
risk of VAE. The head is frequently placed 10–20 degrees 
up to improve venous drainage. In infants and toddlers, the 
head is also large relative to body size and therefore accentu-
ates this head-up position.

Anticonvulsants are frequently used in children with 
brain tumors both to prevent and treat seizures. Chronic 
use causes induction of hepatic microsomal enzymes (cyto-
chrome P450), enhancing medication metabolism such as 
of nondepolarizing muscle relaxants and opioids. Therefore, 
the perioperative requirement of medications such as 
vecuronium and fentanyl may be increased in patients on 
chronic antiepileptic medications.

K E Y FAC T S

• Posterior fossa tumors obstruct CSF flow and can cause 
increased ICP early.

• Morning nausea and vomiting as well as ataxia are early 
presenting signs; other symptoms include cranial nerve 

V, VII, and X palsies with hypertension or hypotension, 
bradycardia, and facial muscle movements.

R E F E R E N C E S
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Textbook of Pediatrics. 19th ed. Philadelphia, PA: Elsevier Saunders; 
2011:1748, table 491–2.

Vavilala MS, Soriano SG. Chapter  22:  Anesthesia for Neurosurgery. 
In:  Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia 
for Infants and Children. 8th ed. St. Louis, MO:  Elsevier Mosby; 
2011:735–6.

37. ANSWER: C

This question addresses pediatric craniopharyngiomas, 
the most common pediatric brain tumors of nonglial ori-
gin. Children with craniopharyngiomas should be consid-
ered ACTH deficient and treated empirically with stress 
dose corticosteroids perioperatively. Hypothalamic 
and pituitary tumor involvement necessitates preopera-
tive hormonal evaluation (thyroid, cortisol, gonadotropins, 
prolactin, and growth hormone) for any evidence of dys-
function. Thyroid deficiency is associated with cranio-
pharyngiomas due to tumor compression, displacement, 
and sometimes involvement of the pituitary gland. Severe 
deficiency is mostly seen with previously partially resected 
patients, and preoperative adherence to thyroid supplement 
is paramount.

Pediatric craniopharyngiomas have an incidence of 
about 6%–9% of pediatric brain tumors. There is an equal 
sex ratio and the distribution by age is bimodal with peak 
incidence in children of 5–14  years old and in adults of 
65–74 years old. Because they are slow-growing extra-axial 
brain tumors, symptoms frequently do not occur until 
the tumor is very large. Common presenting symptoms 
include headaches, vomiting, and somnolence, all 
related to increased ICP due to either the size of the tumor 
or obstruction of CSF flow with hydrocephalus. Visual 
impairment is also common in children as a presenting 
finding but sometimes large tumors may cause minimal 
to no visual defects. Endocrine dysfunction can occur in 
60%–90% of children with craniopharyngiomas, but it is 
rare to bring a child for medical attention due to an endo-
crine related issue. Findings may include short stature, 
morbid obesity, diabetes insipidus, hypothyroidism, 
and elevated prolactin levels. Questioning increased 
thirst and enuresis may reveal the diagnosis of DI preop-
eratively (17% incidence).
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MRI with contrast is important for surgical approach 
and delineation of vessel and other important structure 
proximity. Computerized tomography (CT) is useful to 
identify intrasellar calcifications present in 50%–90% of 
pediatric craniopharyngiomas and is valuable for postop-
erative evaluation of a complete resection.

Although transphenoidal approach is the most com-
mon technique in adults, in children due to extension of the 
tumor into the suprasellar region, a transcranial approach is 
recommended.

Anesthetic considerations in a craniopharyngioma 
resection include but are not limited to the following:

1. Focused history to ascertain endocrine dysfunction 
as outlined herein.

2. Baseline focused exam entailing visual fields and 
neurological status for signs of increased intracranial 
pressure

3. Intraoperative and postoperative monitoring for 
evidence of DI

4. Intraoperative monitoring for VAE

K E Y FAC T S

• Children with craniopharyngiomas should be 
considered ACTH deficient and treated empirically 
with stress dose corticosteroids perioperatively.

• Hypothalamic and pituitary tumor involvement 
necessitates preoperative hormonal evaluation (thyroid, 
cortisol, gonadotropins, prolactin, and growth hormone) 
for any evidence of dysfunction.

• Common presenting symptoms include headaches, 
vomiting, and somnolence—all related to increased ICP 
due to either the size of the tumor or obstruction of CSF 
flow with hydrocephalus.

R E F E R E N C E S
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In:  Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia 
for Infants and Children. 8th ed. St. Louis, MO:  Elsevier Mosby; 
2011:728, 736.

Winn HR, ed. Youmans Neurological Surgery. 6th ed. Chapter  198, 
Pediatric Craniopharyngioma. Philadelphia, PA: Saunders Elsevier; 
2011:2069, 2073, 2075.

38. ANSWER: D

Glutamate is the major excitatory neurotransmitter in the 
central nervous system. Its activation depolarizes neurons, 

increasing the number of action potentials generated. 
GABA and glycine are major inhibitory neurotransmitters 
in the central nervous system. Their activation hyperpolar-
izes neurons, decreasing the number of action potentials 
generated. Glutamate binds inotropic (AMPA, kainate, and 
NMDA) and metabotropic receptors. AMPA and kainate 
receptors are attached to ion channels that allow sodium and 
potassium to pass through them; a small number of kainate 
receptors are also permeable to calcium. Activated NMDA 
channels are permeable to Na, K, and Ca. Overactivation 
of glutamate receptors has been associated with neuronal 
injury from epilepsy, trauma, and ischemia.

K E Y FAC T S

• Glutamate is the major excitatory neurotransmitter in 
the central nervous system.

• GABA and glycine are major inhibitory 
neurotransmitters in the central nervous system.

R E F E R E N C E S

Krass I. Physiology and metabolism of the brain and spinal cord. 
In: Newfield P, Cottrell JE, eds. Handbook of Neuroanesthesia. 4th 
ed. Philadelphia, PA: Lippincott, Williams & Wilkins; 2007:1–20.

39. ANSWER: B

The GABA
A

 receptor contains a chloride channel that 
is opened when GABA binds. This activity is augmented 
by benzodiazepines, volatile anesthetics, and barbiturates. 
The GABA

B
 receptor acts via a second messenger to open 

potassium channels. AMPA, NMDA, and kainate are the 
three major inotropic glutamate receptors that are activated 
by glutamate, the major excitatory neurotransmitter in the 
central nervous system.

K E Y FAC T S

• The GABA
A
 receptor contains a chloride channel that is 

opened when GABA binds.
• This activity is augmented by benzodiazepines, volatile 

anesthetics, and barbiturates.

R E F E R E N C E S
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In: Newfield, P, Cottrell JE, eds. Handbook of Neuroanesthesia. 4th 
ed. Philadelphia, PA: Lippincott, Williams & Wilkins; 2007:1–20.
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Eriksson LI, Fleisher LA, Wiener-Kronish JP, Young WL, eds. 
Miller’s Anesthesia. 7th ed. Philadelphia, PA: Churchill Livingstone 
Elsevier; 2010:Chapter 63.

 

 

 

 

 

 

 

 

 

 

https://kat.cr/user/Blink99/



6 .   centr al nervous systeM  •   207

40. ANSWER: D

Cerebral blood flow rates are greatly determined by the 
cerebral metabolic rate for oxygen consumption. There is 
coupling of blood flow and metabolism on a regional basis. 
The global cerebral blood flow of children is approxi-
mately 70 mL/100 g per minute, reaching this maxi-
mum rate at approximately 5 years of age. Cerebral blood 
flow decreases to reach adult levels after 19 years. The global 
cerebral blood flow of adults is approximately 50 mL/100 g 
per minute. This global measure is composed of flow from 
the gray matter, where neuronal cell bodies and synapses are 
located and has a blood flow of 75 mL/100 g per minute, and 
the white matter, which consists of mainly fiber tracts and 
has a blood flow of 20 mL/100 g per minute. In contrast, 
infants have a slightly lower global cerebral blood flow than 
adults (40 mL/100 g per minute). Spinal cord blood flow 
gray matter in adults has a rate of 60 mL/100 g per minute 
and the white matter a rate of 20 mL/100 g per minute.

K E Y FAC T S

• The global cerebral blood flow of children is 
approximately 70 mL/100 g per minute, reaching this 
maximum rate at approximately 5 years of age.

• The global cerebral blood flow of adults is approximately 
50 mL/100 g per minute.

R E F E R E N C E S

Krass I. Physiology and metabolism of the brain and spinal cord. 
In: Newfield P, Cottrell JE, eds. Handbook of Neuroanesthesia. 4th 
ed. Philadelphia, PA: Lippincott, Williams & Wilkins; 2007:1–20.

Tasker R. Brain vascular and hydrodynamic physiology. Semin Pediatr 
Surg. 2013;22:168–73.

41. ANSWER: C

Cerebral glucose utilization in a 5-week-old infant is 
three-quarters that of an adult brain. The developing brain 
also metabolizes lactate, ketone bodies, amino acids, and 
free fatty acids. Adult rates of glucose utilization are first 
achieved by the age of 2 years. After 2 years of age there is a 
further increase through the age of 8 years, followed by 
a decline in metabolic rate through the age of 20 years. 
The crescendo-decrescendo pattern of change likely rep-
resents the consequence of brain development and subse-
quent “pruning” of neurons, synapses, and pathways that 
occurs with maturation.

K E Y FAC T

• Cerebral glucose utilization is three quarters that of an 
adult brain at 5 weeks of age, increases to adult rates at 

2 years of age, and further increases to the age of 8 years, 
followed by a decline in metabolic rate through the age 
of 20 years.

R E F E R E N C E

Tasker R. Brain vascular and hydrodynamic physiology. Semin Pediatr 
Surg. 2013;22:168–73.

42. ANSWER: A

Eighty percent of CSF is produced in the choroid plexus of 
the lateral and fourth ventricles. The remainder is produced 
in the interstitial space and ependymal lining. The need for 
CSF circulation begins early during intrauterine develop-
ment because the choroid plexus is formed during the first 
trimester. There is a minor, infantile pathway for CSF cir-
culation with cerebrospinal fluid drainage through the ven-
tricular ependymal, interstitial and perivascular space, and 
perineural lymphatics. CSF is drained through arachnoid  
villi into the venous sinuses with the major, adult CSF cir-
culation pathway. It is likely the main pathway used dur-
ing infancy and during childhood is the minor pathway 
because arachnoid granulations do not appear until just 
before birth. There is evidence that arachnoid granulations 
continue to develop until adulthood.

K E Y FAC T S

• CSF circulation begins early during intrauterine 
development.

• Arachnoid granulations continue to develop until 
adulthood.

R E F E R E N C E

Tasker, R. Brain vascular and hydrodynamic physiology. Semin Pediatr 
Surg. 2013;22:168–73.

43. ANSWER: D

The lower limit of cerebral autoregulation for non-
anesthetized preterm infants is approximately 30  mm 
Hg. There are no available data to determine whether the 
cerebral autoregulation curve for ex-premature infants 
mimics that of term infants. Intrinsic cerebral vasoreac-
tivity and autoregulatory mechanisms are poorly devel-
oped in the immature brain. In normal term infants, 
several days are required for the maturation of vascular 
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responses. Cerebral autoregulation is poorly developed at 
birth. Studies in preterm infants have shown that cerebral 
blood flow increases over the first 3 postnatal days of 
life. Autoregulation may be disturbed in ill preterm and 
full-term infants suffering from cerebral hypoxia-ischemia. 
There is evidence to suggest that the autoregulatory 
reserve is less in older infants than in children and 
adults and that the physical state of the patient matters. 
Autoregulation pressure ranges are narrower and lower 
with decreasing gestational age. Given the lack of clear 
parameters, the most conservative approach would be to 
assume a very narrow autoregulatory range around the 
patient’s baseline blood pressure.

K E Y FAC T S

• The lower limit of cerebral autoregulation for 
nonanesthetized preterm infants is approximately 
30 mm Hg.

• Cerebral autoregulation is poorly developed at birth and 
may be disturbed in ill preterm and full-term infants 
suffering from cerebral hypoxia-ischemia.

R E F E R E N C E

Tasker, R. Brain vascular and hydrodynamic physiology. Semin Pediatr 
Surg. 2013;22:168–73.

44. ANSWER: C

In all age groups, cerebral blood flow increases with 
increasing PaCO

2
. It has been demonstrated that the 

change in cerebral blood flow per mm Hg change in PaCO
2
 

is higher in newborns than in fetuses, which may relate 
to the differences in cerebral metabolic rate of oxygen in 
newborns versus fetuses. Hypocapnia leads to cerebro-
vascular vasoconstriction and lower cerebral blood 
flow. Hypoxia not hyperoxia elevates cerebral blood flow. 
When PaO

2
 falls to approximately 50  mm Hg, cerebral 

blood flow increases. Cerebrovasodilation is additive with 
that produced by metabolic acidosis and hypercapnia. See 
Figure 6.3.

K E Y FAC T S

• Cerebral blood flow increases with increasing PaCO
2
.

• Hypocapnia leads to cerebrovascular vasoconstriction 
and lower cerebral blood flow.

• Hypoxia increases cerebral blood flow.
• When PaO

2
 falls to approximately 50 mm Hg, cerebral 

blood flow increases.

• Cerebrovasodilation is additive with that produced by 
metabolic acidosis and hypercapnia.

R E F E R E N C E

Tasker R. Brain vascular and hydrodynamic physiology. Semin Pediatr 
Surg. 2013;22:168–73.

45. ANSWER: A

The central nervous system is developed from the neural 
tube. The neural tube is initially open cranially and cau-
dally. The openings close during the fourth gestational 
week. Neural tube defects, such as anencephaly and spina 
bifida, are caused by failure of neural tube closure. The 
alar plate comprises the dorsal part of the neural tube, 
which is primarily associated with sensation. The basal 
plate comprises the ventral part of the neural tube, which is 
associated with motor control.

K E Y FAC T S

• Neural tube defects, such as anencephaly and spina 
bifida, are caused by failure of neural tube closure.

• This occurs during the fourth week of neural development.

R E F E R E N C E S

Arduini D, Vendola M. The Development from Fetus to 
Newborn. In:  Buonocore G, Bracci R, Weindling M, eds. 
Neonatology:  A  Practical Approach to Neonatal Diseases. Milan, 
Italy: Springer; 2012:7.

Noia G, Cesari E, Visconti D, et  al. Pain in the fetus. In:  Buonocore 
G, Bellieni C, eds. Neonatal Pain:  Suffering, Pain and Risk of 
Brain Damage in the Fetus and Newborn. Milan, Italy:  Springer; 
2008:45–8.
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46. ANSWER: B

Peripheral cutaneous sensory receptors develop early in 
gestation. At approximately 7–8 weeks they appear in the 
perioral cutaneous area and then later in the palmar regions 
(10–10.5 weeks), abdominal wall (15 weeks), and then all 
over the body (15 weeks). These peripheral cutaneous sen-
sory receptors form the basis for the peripheral nervous sys-
tem. The peripheral sensory neuron synapses in the dorsal 
horn, which then stimulates the ventral horn motor neu-
ron, creating a motor reflex—the withdrawal of a limb in a 
response to noxious stimuli.

K E Y FAC T S

• Peripheral cutaneous sensory receptors start developing 
in the seventh week of neural development.

• These peripheral cutaneous sensory receptors form the 
basis for the peripheral nervous system.

R E F E R E N C E

Noia G, Cesari E, Visconti D, et  al. Pain in the fetus. In:  Buonocore 
G, Bellieni C, eds. Neonatal Pain:  Suffering, Pain and Risk of 
Brain Damage in the Fetus and Newborn. Milan, Italy:  Springer; 
2008:45–8.

47. ANSWER: C

Cutaneous afferents of peripheral axons range in size 
from small, thinly myelinated (Aδ) and unmyelinated 
(C)  fibers to large-diameter, thickly myelinated (Aβ) 
fibers. Small, thin fibers have historically been equated with 
nociceptive afferents and large fibers with low-threshold 
mechanoreceptors. Studies suggest that large-diameter 
fibers are the first to penetrate into the spinal gray matter of 
embryos, followed by the small-diameter fibers a few days 
later. It is thought that the early arrival of large-diameter 
fibers invades “pain-specific” laminae within the dorsal 
horn and this invasion extends into the third week of post-
natal life in the rodent model. Traditionally, the invasion of 
pain circuits and activation of low-threshold mechano-
receptors has been thought to underlie the hypersensitiv-
ity to tactile stimuli seen in neonates. Recently, it has been 
found in rodent models that tactile afferents in neonates 
are small versions of their adult counterparts and do not 
activate pain circuitry as traditionally thought. Myelinated 
nociceptors are well developed early and display thresholds 
to mechanical and noxious heat stimuli that are indistin-
guishable from their adult counterparts. These nociceptive 
afferents extend throughout pain-specific laminae and can 
account for bulk-labeling patterns that were previously 
credited to tactile afferents. The low mechanical thresh-
old of these myelinated nociceptors can explain the 
marked hypersensitivity seen among neonates. Answer 

A is incorrect because a weakening of the immune system 
does not cause an increased sensitivity to pain. Answer B is 
incorrect because inflammation does not cause neurons to 
die but instead causes an expansion in their receptor fields. 
Injury may cause neurons to die. Answer D is incorrect 
because it is thought that expansion of fields of myelinated 
nociceptors within the dorsal horn and not unmyelinated 
receptors is what causes hypersensitivity to pain.

K E Y FAC T

• The low mechanical threshold of myelinated nociceptors 
can explain the marked hypersensitivity seen among 
neonates.

R E F E R E N C E

Woodbury C. New insights into neonatal hypersensitivity. 
In:  Buonocore G, Bellieni C, eds. Neonatal Pain:  Suffering, Pain 
and Risk of Brain Damage in the Fetus and Newborn. Milan, 
Italy: Springer; 2008:132–8.

48. ANSWER: D

During the first 2 years of life, the brain increases in size to 
approximately 75% of its adult size. The remaining 25% of 
growth occurs over the next 18 years. Closure of fontanelles 
and sutures occurs in a particular pattern. Fusion of sutures 
leads to closure of the posterior fontanelle at approxi-
mately 2  months and anterior fontanelle at 20  months. 
The metopic suture closes at approximately 2 years of age, 
and the remaining sutures close once craniofacial growth is 
completed, which is typically adulthood.

K E Y FAC T S

• Closure of fontanelles and sutures occurs in a particular 
pattern.

• Fusion of sutures leads to closure of the posterior 
fontanelle at approximately 2 months and anterior 
fontanelle at 20 months of age.

R E F E R E N C E

Kimonis V, Gold J, Hoffman T, et  al. Genetics of craniosynostosis. 
Semin Pediatr Neurol. 2007;14:150–61.

49. ANSWER: C

The neural ectoderm fuses to close the anterior end of the 
neural tube and then closes throughout its length before 
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fusing the caudal end of the neural tube. At approximately 
the third week of life, the central nervous system appears as 
an area of thickened ectoderm, called the neural plate. The 
lateral edges of the neural plate elevate to form neural folds. 
The folds fuse to form the neural tube. Fusion starts in the 
cervical region and continues in both the cephalad and cau-
dal directions. The anterior neuropore closes approximately 
25 days after conception. After closure of the anterior neu-
ropore, the neurocele, which is the embryonic canal of the 
spinal cord, closes throughout its length. This process is 
called occlusion, which isolates the cranial vesicles, prevents 
drainage of fluid from the vesicles, and maintains them in 
distended state. The caudal end of the neural tube forms an 
open communication between the neurocele, which is the 
lumen of the neural tube, and amniotic fluid. The caudal 
neuropore closes approximately 2  days later, typically by 
28  days after conception. Approximately 48 hours later, 
after closure of the caudal neuropore, the neurocele reopens 
without loss of fluid from the cranial vesicles.

K E Y FAC T S

• Neural ectoderm fuses to close the anterior end of the 
neural tube and then closes throughout its length before 
fusing the caudal end of the neural tube.

• The anterior neuropore closes approximately 25 days 
after conception. After closure of the anterior neuropore, 
the neurocele, which is the embryonic canal of the spinal 
cord, closes throughout its length.

• The caudal neuropore closes approximately 2 days later, 
typically by 28 days after conception.

R E F E R E N C E

McLone D, Bowman R. Pathophysiology and clinical manifesta-
tions of myeloleningocele (spina bifida). UpToDate 2013. Available 
at:  http://www.uptodate.com/contents/pathophysiology-and-clin-
ical-manifestations-of-myelomeningocele-spina-bifida. Accessed 
June 8, 2014.
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7.

GASTROINTESTINA L SYSTEM

Luke S. Janik, Somaletha T. Bhattacharya, and Laura A. Downey

1. A neonate with necrotizing enterocolitis is brought to 
the operating room for exploratory laparotomy. The sur-
geon resects a portion of necrotic ascending colon. What 
segment of the gastrointestinal tract is the ascending 
colon derived from, and what is its primary blood supply?

A. Foregut; superior mesenteric artery
B. Midgut; superior mesenteric artery
C. Hindgut; inferior mesenteric artery
D. Midgut; celiac artery

2. A 2-year-old boy presents with abdominal pain and 
nausea. An abdominal computed tomography (CT) 
scan reveals an obstruction related to a Meckel’s diver-
ticulum. The most likely location of this finding is the:

A. Duodenum
B. Jejunum
C. Ileum
D. Ascending colon

3. Auerbach’s (myenteric) plexus is the component of 
the enteric nervous system responsible for peristalsis. 
Within which layer of the gastrointestinal (GI) tract is 
Auerbach’s plexus found?

A. Mucosa
B. Submucosa
C. Muscularis externa (propria)
D. Serosa

4. The primary mechanism of gastroesophageal reflux 
(GER) in the neonate is:

A. Increased gastric acidity of the neonate
B. Delayed gastric emptying time of the neonate
C. Elevated intra-abdominal pressure
D. Transient lower esophageal sphincter relaxation 

unrelated to swallowing

5. Which of the following is a characteristic of an 
omphalocele?

A. Exposed bowel is not covered by a sac
B. Defect is located to the right of midline
C. Common association with cardiac anomalies
D. Common association with bowel atresia

6. A neonate with an omphalocele is noted to be persistently 
hypoglycemic shortly after delivery. The anesthesiologist 
should have a high index of suspicion for which syndrome?

A. Beckwith-Wiedemann syndrome
B. Alagille syndrome
C. Down syndrome
D. Pierre Robin syndrome

7. During embryo development, which describes the 
midgut rotation (as viewed from anterior to posterior)?

A. 180 degrees counterclockwise around the superior 
mesenteric artery

B. 180 degrees clockwise around the superior 
mesenteric artery

C. 270 degrees counterclockwise around the superior 
mesenteric artery

D. 90 degrees counterclockwise around the superior 
mesenteric artery

8. A toddler with midgut malrotation is brought to the 
operating room for an intestinal obstruction related to 
a Ladd’s band. A Ladd’s band is:

A. A fibrous band of peritoneal tissue attaching 
the cecum to the abdominal wall, creating an 
obstruction of the duodenum

B. A fibrous band of peritoneal tissue attaching the 
sigmoid colon to the abdominal wall, creating an 
obstruction of the duodenum
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C. A fibrous band of peritoneal tissue attaching 
the jejunum to the abdominal wall, creating an 
obstruction of the transverse colon

D. A fibrous band of peritoneal tissue attaching 
the stomach to the abdominal wall, creating an 
obstruction of the transverse colon

9. A  1-week-old infant presents with acute onset vom-
iting and signs of peritonitis. Which of the following 
findings is most consistent with diagnosis of acute mid-
gut volvulus?

A. A double-bubble sign on abdominal radiograph
B. Upper GI contrast study showing normal 

duodenum-jejunum flexure position
C. Projectile nonbilious vomiting
D. Bilious emesis

10. The most common type of tracheoesophageal 
fistula is:

A. Gross Type A/Vogt II
B. Gross Type B/Vogt III
C. Gross Type C/Vogt IIIb
D. Gross Type D/Vogt IIIa

11. Which of the following is most consistent with a 
diagnosis of esophageal atresia?

A. Abdominal distention with feeding
B. Inability to pass an orogastric tube beyond 9 cm
C. Prenatal ultrasound demonstrating oligohydramnios
D. Chest radiograph demonstrating a 

double-bubble sign

12. An infant with a Type C tracheoesophageal fistula 
develops laryngospasm during inhalation induction. 
An intravenous propofol bolus is given and successfully 
relieves the laryngospasm, but the patient becomes 
apenic as a result. Gentle bag-mask ventilation is 
attempted, but ventilation becomes increasingly diffi-
cult as the abdomen becomes progressively distended. 
The patient begins to desaturate. The next most appro-
priate intervention is:

A. Administer atropine
B. Begin cardiopulmonary resuscitation
C. Percutaneous needle decompression of the stomach
D. Endotracheal intubation with direct laryngoscopy

13. The classic metabolic derangements described in 
patients presenting with pyloric stenosis include:

A. Hyperkalemic, hypochloremic metabolic alkalosis
B. Hypokalemic, hypochloremic metabolic alkalosis

C. Hypokalemic, hyperchloremic metabolic acidosis
D. Hypokalemic, hypochloremic metabolic acidosis

14. A surgical intern calls the operating room to sched-
ule a pyloromyotomy for a 3-week-old male with pyloric 
stenosis. Which of the following set of lab values is 
most consistent with a patient who has been adequately 
resuscitated and medically optimized in the setting of 
pyloric stenosis?

A. Na 149 mEq/L; K 2.8 mEq/L; Cl 110 mEq/L; 
HCO

3
 26 mEq/L

B. Na 137 mEq/L; K 3.7 mEq/L; Cl 95 mEq/L; 
HCO

3
 26 mEq/L

C. Na 128 mEq/L; K 2.6 mEq/L; Cl 76 mEq/L; 
HCO

3
 34 mEq/L

D. Na 145 mEq/L; K 4.4 mEq/L; Cl 110 mEq/L; 
HCO

3
 17 mEq/L

15. Which of the following statements regarding infants 
with pyloric stenosis is true?

A. The total gastric fluid volume is 5.0 cc/kg on 
average, which is 10 times the average amount in an 
otherwise healthy, fasted infant.

B. Fasting intervals significantly affect the average 
gastric fluid volume.

C. Barium from a radiographic evaluation increases the 
gastric fluid volume.

D. The presence of a preoperative nasogastric tube  
(≤10 French) significantly reduces gastric fluid 
volume.

16. A 3-month-old is admitted to the emergency room 
with right-sided nontender groin swelling. A diagnosis 
of inguinal hernia is made. The surgeon successfully 
reduces the swelling. The next step would be:

A. Emergency repair of the inguinal hernia after 
reduction

B. Reduction should not be attempted.
C. No further intervention
D. Surgery should be delayed for 4–6 hours or 

scheduled electively after reduction.

17. Spinal anesthesia is a common regional technique 
used for inguinal hernia repair. Which of the state-
ments describes the best anesthetic technique?

A. A spinal anesthetic in order to reduce the risk of 
postoperative apnea in a 3-week-old, full-term male 
neonate

B. Use of isobaric lidocaine with epinephrine and 
clonidine for an awake spinal anesthesic in a 35-week 
postconceptual age preterm infant
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C. Use of hyperbaric tetracaine for an awake spinal 
anesthesic in a 25-week postconceptual age 
preterm infant

D. Use of ketamine with spinal anesthesia as it will 
provide adequate sedation while decreasing the 
risk of postoperative apnea in a preterm 45-week 
postconceptual age preterm infant

18. A diagnosis of prune belly syndrome has been made 
during an ultrasonographic examination of a pregnant 
female in the second trimester. The finding that points 
toward the diagnosis is:

A. Flat abdomen
B. Polyhydraminios
C. Hydroureter
D. Single kidney

19. A 5-year-old child admitted with vomiting is diag-
nosed by CT scan as having a duplication cyst of the gas-
trointestinal tract. Which is the most common site of a 
duplication cyst?

A. Gastro-duodenal junction
B. Ileum
C. Ascending colon
D. Jejunum

20. A  1-month-old baby is admitted with a history of 
chronic constipation. The gastroenterologist suspects 
Hirschsprung disease. Which one of the investiga-
tion is consistent with the diagnosis of Hirschsprung 
disease?

A. Anorectal manometry revealing that the internal 
anal sphincter is relaxing

B. Contrast enema revealing a dilated proximal 
colon that transitions to a normal or narrow 
caliber rectum

C. Incomplete evacuation of barium from the rectum 
hours after a contrast enema

D. Suction biopsy below dentate line showing absence 
of ganglionic cells on histology

21. Ulcerative colitis and Crohn’s disease are two of the 
most common inflammatory bowel diseases with many 
similarities and some distinguishing features. Which 
colonoscopic finding would suggest Crohn’s disease?

A. Presence of inflammation of colonic mucosa with 
rectal sparing and skip lesions

B. Presence of polyps
C. Presence of inflammation of colonic mucosa 

especially the rectum
D. Presence of ulcers in the colonic mucosa

22. A 5-year-old boy swallowed a lithium battery acci-
dentally. He had his dinner prior to the incident. The 
patient is asymptomatic. Radiographic images reveal 
the presence of circular battery in the midesophageal 
area. The next step would be:

A. Advise the parents to take patient home and come 
back if he is symptomatic.

B. Since patient is asymptomatic but has a full stomach, 
wait at least 8 hours before scheduling removal.

C. Wait and take an X-ray after 3 hours and then 
proceed for removal if it has not moved.

D. Immediate removal of the battery endoscopically 
and observe the patient for complications.

23. A  4-week-old premature baby (28 weeks at birth) 
develops feeding intolerance and is found to be lethar-
gic with temperature instability and tachypnea. The 
physician suspects necrotizing enterocolitis. Which of 
the following investigation confirms his diagnosis?

A. Metabolic acidosis
B. Plain abdominal film showing pneumatosis 

intestinalis and portal venous gas
C. Thrombocytosis
D. Coagulopathy

24. Which of the following conditions is an absolute 
indication for surgery in necrotizing enterocolitis?

A. Pneumoperitoneum
B. Portal venous gas
C. Abdominal tenderness and distention
D. Abdominal mass with intermittent intestinal 

obstruction

25. A 3-year-old admitted with abdominal pain, vomit-
ing, and fever is diagnosed as having acute appendicitis. 
If the child has a perforated appendix, the first line of 
treatment should be:

A. Urgent appendectomy
B. Broad spectrum antibiotics and pain control
C. Intravenous fluid, antibiotics, and pain control
D. Immediate percutaneous drainage

26. A  4-year-old undergoes colonoscopy for episodic 
bouts of rectal bleed. He is not anemic. A single polyp is 
found in the rectosigmoid area. This child will require:

A. Colonoscopy annually
B. Repeat colonoscopy only if bleeding recurs
C. An upper endoscopy
D. Resection of the rectosigmoid colon due to increase 

chance of malignancy
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27. Which one of the following is true of juvenile 
 polyposis syndrome?

A. Colorectal screening should occur every 3–5 years.
B. Affected individuals do not need to have the polyps 

removed.
C. It is diagnosed by the presence of any polyps in the 

stomach and intestine.
D. It has an autosomal recessive inheritance pattern.

28. Celiac disease is associated with:

A. Patients of Asian and African heritage
B. Psoriasis
C. Type 2 diabetes
D. Hashimoto thyroiditis

29. A  6-month-old ex-premature infant is diagnosed 
with short bowel syndrome following bowel resection 
for necrotizing enterocolitis. If the portion of bowel 
resected was the ileum, which of the following function 
will be affected?

A. Absorption of bile salts/acids
B. Absorption of fat-soluble vitamins
C. Absorption of iron
D. Absorption of folate

30. An 8-year-old child with cerebral palsy is diagnosed 
with gastroesophageal reflux and a hiatal hernia. He has 
failed medical management of gastroesophageal reflux 
and is scheduled to undergo laparoscopic Nissen fundo-
plication. This surgery involves:

A. Insufflation of air via a gastric tube at the end of surgery
B. Large fluid shifts
C. Moderate blood loss
D. Moderate to severe postoperative pain

31. A 6-month-old girl is brought by an anxious mother 
to the surgeon’s office with an umbilical swelling that 
becomes prominent when the child cries. The surgeon 
diagnosed the swelling as an umbilical hernia. What 
should he tell the mother?

A. Schedule patient for surgery to repair the umbilical 
hernia.

B. Inform her that 90% of umbilical hernias close 
spontaneously by 2–3 years of age.

C. Umbilical hernia is prone for incarceration.
D. Apply a tight abdominal binder.

32. In patients who have underlying liver dysfunction, 
such as cirrhosis, the metabolism of which medication 
is most likely to be prolonged?

A. Propofol
B. Ketamine
C. Remifentanil
D. Midazolam

33. The Centers for Disease Control and Prevention 
(CDC) recommends which of the following methods 
as the most appropriate and easiest screening tool for 
childhood obesity?

A. Body mass index (BMI)
B. Absolute weight
C. Weight-for-height percentiles
D. Percentiles of ideal body weight

34. Which of the following is a common complication 
from the hepatic portoenterostomy (Kasai procedure) 
for biliary atresia:

A. End-stage liver disease
B. Water-soluble vitamin deficiency
C. Fat-soluble vitamin deficiency
D. Hepatocellular carcinoma

35. Which of the following is true regarding morbidly 
obese patients undergoing general anesthesia for bar-
iatric laparoscopic gastric banding surgery?

A. Patients have a higher risk of aspiration during 
induction.

B. Drug and fluid administration should be based on 
actual weight.

C. Postoperative ventilation is required after 
laparoscopic gastric banding.

D. Patients are at lower risk of thromboembolism in the 
postoperative period.

36. Patients with gastroesophageal ref lux are at 
increased risk for the following complication 
under general anesthesia when compared to healthy 
patients:

A. Bronchospasm
B. Laryngospasm
C. Delayed emergence
D. Prolonged neuromuscular blockade
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chaPter 7  ansWers

1. ANSWER: B

Formation of the gastrointestinal tract begins around 
week three of gestation, when the primitive gut tube 
develops from the endoderm lining the yolk sac. During 
gestation, this tube undergoes a series of complex folds, 
rotations, tissue differentiation, and elongation driven by 
molecular patterning signals and anatomical constraints. 
The key events of prenatal gastrointestinal tract develop-
ment are highlighted in Table 7.1.

The gastrointestinal tract is divided into three func-
tional segments based on the blood supply. The foregut 
is supplied by the celiac artery and includes the esophagus, 
stomach, liver, gallbladder, pancreas, and proximal duode-
num. The midgut is supplied by the superior mesenteric 
artery and includes the distal duodenum, jejunum, ileum, 
cecum, appendix, and the proximal two thirds of the colon. 
The hindgut is supplied by the inferior mesenteric artery 
and includes the distal one third of the colon, sigmoid 
colon, rectum, and superior part of the anal canal.

K E Y FAC T S

• Formation of the gastrointestinal tract begins around 
week three of gestation, when the primitive gut tube 
develops from the endoderm lining the yolk sac.

• The gastrointestinal tract is divided into three 
functional segments based on the blood supply.

• The foregut is supplied by the celiac artery and includes 
the esophagus, stomach, liver, gallbladder, pancreas, and 
proximal duodenum.

• The midgut is supplied by the superior mesenteric 
artery and includes the distal duodenum, jejunum, 
ileum, cecum, appendix, and the proximal two thirds of 
the colon.

• The hindgut is supplied by the inferior mesenteric artery 
and includes the distal one third of the colon, sigmoid 
colon, rectum, and superior part of the anal canal.
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2. ANSWER: C

A Meckel’s diverticulum is a true diverticulum typically 
located on the antimesenteric side of the distal ileum and 
results from incomplete obliteration of the vitelline (ompha-
lomesenteric) duct. In the embryo, this duct connects the 
primitive gut tube to the yolk sac for nutrition and is usu-
ally obliterated around the 6th—8th week of gestation after 
midgut rotation takes place. Meckel’s diverticula have been 
described by the “rule of two’s,” because they are found in 
2% of the population, are twice as common in males as in 
females, typically present before the age of 2 years, and are 
found on the ileum within 2 feet of the ileocecal valve in 
adults.

Meckel’s diverticula are the most prevalent congenital 
abnormality of the gastrointestinal (GI) tract. The most 

Table 7.1 tIMetaBle of Key events of Prenatal gastroIntestInal tract develoPMent

GESTATIONAL AGE PR ENATAL DEVELOPMENT EVENTS

3rd week •  The primitive gut tube forms from the endoderm liming of the yolk sac

4th week •  liver bud, tracheal bud, dorsal, and ventral pancreatic buds appear
•  oropharyngeal membrane ruptures

5th week •  Intestinal elongation
•  stomach begins to rotate 90 degrees about its craniocaudal aspect

6th week •  Intestinal elongation continues
•   stomach rotation complete (previously dorsal convex border now faces left, and previously ventral concave 

border now faces right)

7th week •  Intestinal loop herniates outward through the yolk sac with the superior mesenteric artery as its axis
•  dorsal and ventral pancreatic buds fuse

8th week •  herniated intestinal loop rotates 270 degrees counterclockwise around the superior mesenteric artery
•  Migration of parasympathetic neurons from the neural crest to the gut begins

9th week •  herniated intestinal loop returns into abdominal cavity
•  epithelial differentiation of gI tract mucosa begins

11th week •  Intestinal villi and goblet cells begin to form

16th week •  Intestinal villi completely line the intestine

20th week •  Peyer’s patches (intestinal lymphatic tissue) develop
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common presentation in children is a GI bleed. This is 
thought to be due to the presence of ectopic gastric and pan-
creatic tissue, which causes ulcerations from the acidic and 
alkaline secretions, respectively. It is unclear why Meckel’s 
diverticula contain ectopic tissue, but gastric mucosal tis-
sue was found in roughly 60% of cases and pancreatic 
tissue in 5%. The second most common presentation is 
intestinal obstruction. In children, obstruction is usu-
ally due to intussusception of the diverticulum. However, 
obstruction may also be due to entrapment of the diver-
ticulum in a hernia, formation of obstructing stones in the 
diverticulum (Meckel’s diverticulum lithiasis), or volvulus 
of the diverticulum.

Diagnosis of a Meckel’s diverticulum can be challeng-
ing, and the presentation is often misdiagnosed as appendi-
citis. Abdominal X-ray is an unreliable diagnostic tool as the 
findings are often nonspecific. Ultrasound and abdomi-
nal CT scan are the preferred diagnostic modalities.

Treatment of symptomatic Meckel’s diverticula 
is surgical excision. Management of asymptomatic 
Meckel’s diverticula is more controversial. The general 
consensus is that asymptomatic Meckel’s diverticula 
should not be resected given the low likelihood that it 
will become symptomatic over a lifetime. However, some 
surgeons favor elective resection of the diverticulum, espe-
cially if it is large.

K E Y FAC T S

• A Meckel’s diverticulum is a true diverticulum typically 
located on the antimesenteric side of the distal ileum 
and results from incomplete obliteration of the vitelline 
(omphalomesenteric) duct.

• Rule of Two’s: Meckel’s diverticuli are found in 2% 
of the population, are twice as common in males as in 
females, typically present before the age of 2 years, and 
are found on the ileum within 2 feet of the ileocecal 
valve in adults.

• Meckel’s diverticula are the most prevalent congenital 
abnormality of the GI tract.

• The most common presentation in children is a 
GI bleed.

• Gastric mucosal tissue was found in roughly 60% of 
cases and pancreatic tissue in 5%.
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3. ANSWER: C

The gastrointestinal tract is comprised of four distinct 
functional layers, listed here from innermost to outer-
most:  mucosa, submucosa, muscularis externa (propria), 
and serosa.

The mucosa is the innermost layer of the GI tract and 
has three distinct components: the epithelium, the lamina 
propria, and the muscularis mucosae. The histologic charac-
teristics of the mucosa vary depending on the function. The 
four basic mucosal types are protective, secretory, absorp-
tive, and absorptive/protective. Protective mucosa is typi-
cally found in the oral cavity, pharynx, esophagus, and anal 
canal, and is composed of stratified squamous epithelium, 
which protects against frictional trauma. Secretory mucosa 
is found in the stomach and consists of tubular glands that 
secrete acid and digestive enzymes. Absorptive mucosa 
lines the small bowel and contains villi, which increase the 
surface area of the mucosa to improve nutrient absorption. 
Absorptive/protective mucosa lines the large intestine and 
is characterized by packed tubular glands specialized for 
water absorption and mucus secretion.

The submucosa is a layer of loose connective tissue 
surrounding the mucosa that contains blood vessels, 
lymphatics, and nerves. Within the submucosal layer lies 
the Meissner (submucosal) plexus, composed primarily of 
postganglionic parasympathetic fibers supplying the muco-
sal glands and smooth muscle of muscularis mucosae.

The muscularis externa (propria) surrounds the sub-
mucosa and is comprised of two distinct smooth muscle 
layers: an inner circular layer and outer longitudinal layer. 
Between these muscle layers lies Auerbach’s (myenteric) 
plexus, a collection of primarily postganglionic parasym-
pathetic fibers supplying the inner and outer longitudinal 
layers of smooth muscle. Auerbach’s plexus is responsible 
for the peristaltic activity of the GI tract under input from 
the Interstitial Cells of Cajal, which function as the “pace-
maker” of the gut. Failure of neural crest cells to migrate 
from the neural plate to the GI tract during development 
results in dysmotility. The most well-known example of this 
is Hirschprung disease, also known as congenital agangli-
onic megacolon. Hirschprung disease usually presents in 
the neonatal period as failure to pass meconium. Imaging 
is notable for spasm in the denervated colon, with signifi-
cantly dilated colon proximal to the affected area, which 
may develop into toxic megacolon.

The serosa (adventitia) is a thin, loose connective tis-
sue supporting the tubular GI tract.

K E Y FAC T S

• The GI tract is comprised of four distinct functional 
layers, listed here from innermost to outermost: mucosa, 
submucosa, muscularis externa (propria), and serosa.
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• The mucosa is the innermost layer of the GI tract and 
has three distinct components: the epithelium, the 
lamina propria, and the muscularis mucosae.

• The four basic mucosal types are protective, secretory, 
absorptive, and absorptive/protective.

• The submucosa is a layer of loose connective tissue 
surrounding the mucosa that contains blood vessels, 
lymphatics, and nerves.

• The muscularis externa (propria) surrounds the 
submucosa and is comprised of two distinct smooth 
muscle layers: an inner circular layer and outer 
longitudinal layer.

• The serosa (adventitia) is a thin, loose connective tissue 
supporting the tubular GI tract.
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4. ANSWER: D

As defined by the North American Society of Pediatric 
Gastroenterology, gastroesophageal reflux (GER) is the 
retrograde passage of gastric contents into the esopha-
gus with or without regurgitation and vomiting. When 
GER causes complications or morbidity, it is defined as 
gastroesophageal reflux disease (GERD). The primary 
mechanism of GER is transient lower esophageal sphinc-
ter relaxation, unrelated to swallowing. While elevated 
intra-abdominal pressure and delayed gastric empty-
ing contribute to GER, they are not the primary cause. 
Neonates have a lower basal acid output than adults, with 
preterm infants producing less acid than term infants.

Signs and symptoms of GER in the infant are 
often nonspecific and include poor weight gain, irritabil-
ity, wheezing, stridor, cough, apnea spells, and apparent 
life-threatening events. In addition to history and physical 
exam, diagnostic studies include esophageal pH monitor-
ing, intraluminal impedance monitoring, motility studies, 
endoscopy and biopsy, barium contrast radiography, and 
nuclear scintigraphy. Often crying and vomiting are con-
fused with GERD and may be related to a milk protein 
sensitivity. A  trial of extensively hydrolyzed protein for-
mula is recommended in these cases. Thickened formula 
may reduce the amount of visible regurgitation and is 
often recommended in term infants, but it has not been 
shown to decrease the frequency of GERD. Furthermore, 
commercial thickeners are not recommended for preterm 
infants as their effectiveness remains unclear, and concern 

exists for a possible link to necrotizing enterocolitis. Other 
treatment options in infants include medical management 
with histamine-2 receptor antagonists, proton pump inhib-
itors, prokinetic therapy, and ultimately surgical treatment. 
The anesthesiologist must pay particular attention to the 
risk of aspiration during induction of infants with GERD 
and may consider emptying the stomach prior to induction 
and avoiding or minimizing mask ventilation.

K E Y FAC T S

• GER is the retrograde passage of gastric contents into 
the esophagus with or without regurgitation and 
vomiting.

• The primary mechanism of GER is transient lower 
esophageal sphincter relaxation, unrelated to 
swallowing.

• While elevated intra-abdominal pressure and delayed 
gastric emptying contribute to GER, they are not the 
primary cause.

• Signs and symptoms of GER in the infant are often 
nonspecific and include poor weight gain, irritability, 
wheezing, stridor, cough, apnea spells, and apparent 
life-threatening events.

• Diagnostic studies include esophageal pH monitoring, 
intraluminal impedance monitoring, motility studies, 
endoscopy and biopsy, barium contrast radiography, and 
nuclear scintigraphy.
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5. ANSWER: C

Omphalocele and gastroschisis are the two most com-
mon abdominal wall defects in the neonate, resulting 
in herniation of the bowel outside of the abdominal cav-
ity. Both defects are typically discovered during prenatal 
workup by fetal ultrasound and elevated maternal serum 
alpha-fetoprotein.

Omphaloceles result as a failure of the bowel to return 
into the abdominal cavity during the 6th–10th week 
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of gestation. Omphaloceles are located in the midline 
and are covered by a sac consisting of peritoneum and 
the covering layers of the umbilical cord. In addition to 
bowel, the sac may also contain liver, stomach, bladder, 
and reproductive structures. The viscera tend to be func-
tionally normal. Omphaloceles are often associated with 
additional anomalies. Specifically, 18%–24% of infants 
with omphalocele have associated cardiac defects, so an 
echocardiogram is warranted. Pulmonary hypoplasia is 
also common, often necessitating intubation and mechani-
cal ventilation. Syndromes such as Beckwith-Weidemann, 
Donnai-Barrow, cloacal exstrophy, and to a lesser extent 
VACTERL defects and holoprosencephaly/anencephaly 
are also associated with omphaloceles.

The underlying etiology of gastroschisis is unclear, 
though retrospective data linking gastroschisis to mater-
nal use of vasoactive substances and smoking suggest an 
in-utero vascular accident as the cause. Gastroschisis is 
located to the right of the umbilicus and is not covered by 
a sac, leaving the bowel exposed to the surrounding envi-
ronment. While gastroschisis is not usually associated with 
additional anomalies, the exposed bowel can suffer sub-
stantial damage, resulting in impaired motility, impaired 
absorptive capacity, systemic inflammatory response, and 
ischemic bowel.

Treatment for both omphalocele and gastroschisis 
involve ample IV fluid resuscitation, gastric decompres-
sion, and application of warm saline-soaked gauze sponges 
to the exposed bowel. Temperature and fluid losses from 
the exposed bowel are significant in both defects, but more 
so with gastroschisis. In addition, plastic wrap is typically 
applied to the bowel to minimize evaporative loses. Surgical 
management is the definitive treatment and may be done as 
a primary closure or a staged closure. The surgical approach 
and timing of the operation vary by institution.

K E Y FAC T S

• Omphalocele and gastroschisis are the two most 
common abdominal wall defects in the neonate, 
resulting in herniation of the bowel outside of the 
abdominal cavity.

• Omphaloceles result as a failure of the bowel to return 
into the abdominal cavity during the 6th–10th week 
of gestation, are located in the midline, are covered by a 
sac consisting of peritoneum and the covering layers of 
the umbilical cord, and may also contain liver, stomach, 
bladder, and reproductive structures.

• Omphaloceles are associated with cardiac defects, 
pulmonary hypoplasia, syndromes such as 
Beckwith-Weidemann, Donnai-Barrow, cloacal 
exstrophy, and to a lesser extent VACTERL defects and 
holoprosencephaly/anencephaly.

• The underlying etiology of gastroschisis is unclear, 
though retrospective data linking gastroschisis to 

maternal use of vasoactive substances and smoking 
suggest an in-utero vascular accident as the cause.

• Treatment for both omphalocele and gastroschisis 
involve ample IV fluid resuscitation, gastric 
decompression, and application of warm saline-soaked 
gauze sponges to the exposed bowel.

reference
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6. ANSWER: A

Beckwith-Wiedemann syndrome is a congenital disor-
der characterized by macroglossia, omphalocele, hemihy-
perplasia, and coarse facies (prominent eyes, infraorbital 
creases, prominent mandible, and anterior earlobe creases). 
Neonates with Beckwith-Weidemann syndrome may also 
have refractory hypoglycemia related to islet cell hyperpla-
sia and hyperinsulinemia. In addition to the perioperative 
concerns related to the omphalocele, the anesthesiologists 
must also pay particular attention to the blood glucose lev-
els intraoperatively and must be prepared for a difficult air-
way given the often encountered macroglossia.

Alagille syndrome is characterized by chronic cho-
lestasis due to an underdeveloped biliary system, peripheral 
pulmonary artery stenosis, dysplastic kidneys, and abnor-
mal facies. Omphalocele and hypoglycemia are not part of 
this syndrome.

Down syndrome (Trisomy 21) is not associated with 
omphalocele. Rather, the most common gastrointestinal 
problem in patients with Down syndrome is duodenal 
atresia. In utero, this may be suspected by polyhydramnios 
on ultrasound. Postnatally, the classic finding on abdomi-
nal radiograph is the “double-bubble sign,” which is the 
result of a distended stomach and duodenum separated 
by the pyloric valve. Patients with duodenal atresia should 
be treated with full-stomach precautions, as they are high 
risk for aspiration during induction of anesthesia. In addi-
tion to duodenal atresia, patients with Down syndrome 
often present a host of challenges to the anesthesiologist 
such as (1) difficult airway due to small mouth opening, 
large tongue, and atlantoaxial instability; (2)  subglot-
tic stenosis; (3) propensity for bradycardia in response to 
sevoflurane inhalation induction; (4)  cardiac anomalies; 
and (5)  upper airway obstruction/sleep apnea, just to 
name a few.

Pierre Robin syndrome is characterized by a 
high-arching or cleft palate, micrognathia, and glossoptosis. 
Patients with Pierre Robin syndrome are notoriously diffi-
cult to intubate. Omphalocele is not associated with Pierre 
Robin syndrome.

 

 

 

 

https://kat.cr/user/Blink99/



7.   gastroIntestInal systeM  •   219

K E Y FAC T S

• Beckwith-Wiedemann syndrome is a congenital 
disorder characterized by macroglossia, omphalocele, 
hemihyperplasia, and coarse facies.

• Alagille syndrome is characterized by chronic cholestasis 
due to an underdeveloped biliary system, peripheral 
pulmonary artery stenosis, dysplastic kidneys, and 
abnormal facies.

• The most common gastrointestinal problem in patients 
with Down syndrome is duodenal atresia.

• Pierre Robin syndrome is characterized by a high-
arching or cleft palate, micrognathia, and glossoptosis.
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7. ANSWER: C

Around the sixth week of gestation, the midgut elongates 
rapidly, exceeding the anatomical constraints of the embry-
onic abdominal cavity. This results in a hairpin loop of small 

bowel that herniates outward through the yolk sac, with the 
superior mesenteric artery serving as its axis. Over the next 
several weeks, the bowel rotates a total of 270 degrees coun-
terclockwise around the SMA axis (fig. 7.1). The initial 180 
degrees of rotation occurs while the hairpin loop is still 
herniated, and the last 90 degrees of rotation occurs as the 
proximal small bowel is returning to the abdominal cavity. 
This rotation accounts for the normal anatomical position 
of the large bowel in relation to the small bowel. During 
rotation, the duodenojejunal junction passes behind the 
superior mesenteric artery and becomes fixed in the left 
upper quadrant by the Ligament of Treitz. The cecum 
passes anterior to the SMA and moves from the left side of 
the abdomen to the right side. Defects in abdominal rota-
tion, such as malrotation and reverse rotation, can result in 
obstruction, volvulus, abdominal pain, and other symptoms. 
Intestinal malrotation occurs in 1:500 live births and affects 
males and females equally. The majority (60%) present in 
the first month of life, while 20% present in the first year 
of life, and 20% present beyond the first year of life.

K E Y FAC T S

• During rotation, the duodenojejunal junction passes 
behind the superior mesenteric artery and becomes fixed 
in the left upper quadrant by the Ligament of Treitz.

• Defects in abdominal rotation, such as malrotation and 
reverse rotation, can result in obstruction, volvulus, 
abdominal pain, and other symptoms.

Dorsal
pancreatic
bud

Ventral
pancreatic
bud

Rotation
beginning

Stomach

Spleen

Esophagus

Septum transversum

Caecum

Midgut loop entering
umbilical coelom

figure 7.1 Development and Rotation of the Midgut
(From Standring S. Gray’s Anatomy: The Anatomical Basis of Clinical Practice. 39th ed. Philadelphia, PA: Elsevier; 2005.)
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• The majority (60%) of patients with intestinal 
malrotation present in the first month of life, while 20% 
present in the first year of life, and 20% present beyond 
the first year of life.

references
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8. ANSWER: A

Ladd’s bands are fibrous bands of peritoneal tissue attach-
ing the cecum to the abdominal wall. They result from 
malrotation and can cause duodenal obstruction as they 
course over the duodenum. The definitive treatment 
is surgical correction by the “Ladd’s procedure,” which 
involves de-rotation of twisted bowel, lysis of Ladd’s bands, 
mobilization and straightening of the duodenum, mobili-
zation of the cecum and appendectomy, and placement of 
the colon in the left abdomen. These patients often present 
with abdominal pain and bilious or nonbilious vomiting, 
depending on the location of the obstruction relative to the 
ampulla of Vater.

Patients with duodenal obstruction from a Ladd’s band 
are likely to be hypovolemic from persistent vomiting 
and poor PO intake, and they often will have electro-
lyte abnormalities related to the persistent vomiting. 
In addition, they are at high risk for aspiration, given the 
small-bowel obstruction. Anesthetic management of these 
patients should focus on preoperative medical optimiza-
tion with fluid and electrolyte repletion, and intraopera-
tive rapid-sequence or modified-rapid sequence induction 
to minimize the risk of aspiration. Emptying the stomach 
prior to induction, as is commonly done for patients with 
pyloric stenosis, is a reasonable measure to minimize the 
aspiration risk.

K E Y FAC T S

• Ladd’s bands (fig. 7.2) are fibrous bands of peritoneal 
tissue attaching the cecum to the abdominal wall 
that result from malrotation and can cause duodenal 
obstruction as they course over the duodenum.

• The definitive treatment is surgical correction by the 
“Ladd’s procedure,” which involves de-rotation of 
twisted bowel, lysis of Ladd’s bands, mobilization and 
straightening of the duodenum, mobilization of the 
cecum and appendectomy, and placement of the colon in 
the left abdomen.

• These patients often present with abdominal pain 
and bilious or nonbilious vomiting, depending on the 
location of the obstruction relative to the ampulla 
of Vater.

• They are at high risk for aspiration, given the small-
bowel obstruction.
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9. ANSWER: D

During normal embryonic development, the primitive 
gut tube elongates beyond the anatomical constraints of 
the abdominal cavity, resulting in a physiologic hernia-
tion of the primitive gut into the yolk stalk around the 

figure 7.2 Ladd’s Bands
(From Chung DH. Pediatric surgery. In: Sabiston Textbook of Surgery. 19th ed. Philadelphia, 

PA: Saunders Elsevier; 2001:1843–4.)
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sixth week of gestation. Over the course of the next sev-
eral weeks, this hairpin loop of bowel rotates 270 degrees 
counterclockwise (viewed anterior to posterior) around 
its functional axis—the superior mesenteric artery—and 
then retracts back into the abdominal cavity. This intes-
tinal rotation is responsible for the normal orientation of 
the small and large bowel in the abdominal cavity, and 
it results in stabilization of the small bowel with a broad 
mesentery, extending from the ligament of Treitz in the 
left upper quadrant to the ileocecal valve in the right lower 
quadrant. This broad mesentery, which contains the supe-
rior mesenteric artery, anchors the small bowel and pre-
vents volvulus.

In patients with intestinal malrotation, the mesen-
teric attachment of the small bowel is short and narrow, 
predisposing the small bowel to twist around its axis, 
resulting in a midgut volvulus. Midgut volvulus typi-
cally presents in the first month of life as acute-onset 
bilious vomiting, because the obstruction is located distal 
to the ampulla of Vater, where bile drains into the gut. It 
is a surgical emergency because the superior mesenteric 
artery becomes occluded, resulting in ischemic bowel. 
These infants may also present with hematochezia from 
intraluminal bleeding secondary to intestinal mucosal 
ischemia, and their clinical condition can rapidly deterio-
rate, leading to acidosis, shock, and even death. Definitive 
treatment is emergent surgical de-rotation of the volvu-
lus and resection of nonviable ischemic bowel, as well as 
lysis of obstructing fibrous bands, division of the ligament 
of Treitz, straightening of the duodenum, and relocation 
of the bowel into a “nonrotated” position. This is known 
as the “Ladd’s procedure.” Patients requiring resection of 
significant portions of small bowel are at risk for short gut 
syndrome.

A quick diagnosis of midgut volvulus is critical. 
Plain radiographs are usually unhelpful in the diagnosis, 
as they often demonstrate a normal bowel gas pattern. 
The diagnosis of midgut volvulus is best made with 
an upper GI contrast study demonstrating an abnormal 
duodenum-jejunum flexure position, the proximal jejunum 
in the right abdomen, and a spiral “corkscrew” pattern of 
the distal duodenum and proximal jejunum. However, in 
infants who are unstable and clinically deteriorating, an 
exploratory laparotomy for suspicion of midgut volvulus 
may be warranted.

K E Y FAC T S

• In patients with intestinal malrotation, the mesenteric 
attachment of the small bowel is short and narrow, 
predisposing the small bowel to twist around its axis, 
resulting in a midgut volvulus.

• Midgut volvulus typically presents in the first month 
of life as acute-onset bilious vomiting, because the 
obstruction is located distal to the ampulla of Vater.

• It is a surgical emergency because the superior mesenteric 
artery becomes occluded, resulting in ischemic bowel.

• Definitive treatment is emergent surgical de-rotation of 
the volvulus and resection of nonviable ischemic bowel, 
as well as lysis of obstructing fibrous bands, division of 
the ligament of Treitz, straightening of the duodenum, 
and relocation of the bowel into a “nonrotated” position.

• The diagnosis of midgut volvulus is best made with an 
upper GI contrast study demonstrating an abnormal 
duodenum-jejunum flexure position, the proximal 
jejunum in the right abdomen, and a spiral “corkscrew” 
pattern of the distal duodenum and proximal jejunum.
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10. ANSWER: C

The Gross and Vogt classification systems are commonly 
used to describe the anatomy of tracheoesophageal fistulas 
(TEFs). Figure 7.3 provides illustrations of the various types 
of TEFs and their incidence.

The overall incidence of TEF is 1:2500–3000 live 
births. Type C TEF is the most common type, account-
ing for approximately 86%, while Type A accounts for 7%, 
Type E for 4%, Type B for 2%, and Type D for <1%. Type 
A is defined as isolated esophageal atresia, with no commu-
nication between the esophagus and the airway. Type B is 
esophageal atresia with a proximal TEF. Type C is esopha-
geal atresia with a proximal blind pouch and a distal TEF. 
Type D is esophageal atresia with a TEF of both the proxi-
mal and distal segments. Type E is a TEF without esopha-
geal atresia.

TEFs are often associated with other congenital 
anomalies. A  review by Broemling and Campbell found 
the following rates of associated anomalies: cardiac 29%, 
gastrointestinal 14%, genitourinary 14%, musculoskeletal 
10%, VACTERL 10%, respiratory 6%, and genetic 4%. 
Risk factors for increased perioperative morbidity/mortal-
ity include congenital heart disease, weight <2  kg, poor 
lung compliance, and a large pericarinal fistula.

Given the risk of gastric insufflation with positive pres-
sure mask ventilation (making ventilation more difficult), 
many anesthesiologists favor maintaining spontaneous 
ventilation until the airway is secured distal to the fistula. 
Usually, patients undergo an inhalation induction with 
spontaneous ventilation. Prior to operative repair, surgeons 
often perform a rigid bronchoscopy to further characterize 
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the size and location of the fistula. A propofol infusion is 
commonly used during this portion of the case to main-
tain spontaneous ventilation. Fistulas greater than 3  mm 
in diameter are associated with increased difficulty venti-
lating. The most common method of definitive airway 
control is placement of an endotracheal tube without a 
side-hole beyond the fistula. Confirmation of correct posi-
tion via fiberoptic bronchoscopy is useful. Other strategies, 
such as occluding the fistula with a Fogarty balloon cath-
eter, or one-lung ventilation have also been described.

K E Y FAC T S

• Type C TEF is the most common type, accounting for 
approximately 86%.

• TEFs are often associated with other congenital anomalies.
• Rates of associated anomalies: cardiac 29%, 

gastrointestinal 14%, genitourinary 14%, 
musculoskeletal 10%, VACTERL 10%, respiratory 6%, 
and genetic 4%.

• Many anesthesiologists favor maintaining spontaneous 
ventilation until the airway is secured distal to the fistula.

• The most common method of definitive airway control 
is placement of an endotracheal tube without a side-hole 
beyond the fistula.

reference
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11. ANSWER: B

Esophageal atreasia (EA) is suspected in the antenatal 
period when fetal ultrasound demonstrates polyhydramnios 

and the absence of a gastric bubble. However, fetal ultra-
sound alone is unreliable to definitively make a prenatal 
diagnosis. EA is usually diagnosed within the first 24 
hours of life, with symptoms including increased salivation 
and secretions from the mouth and nose, choking and cya-
nosis noted with early feeding, and the inability to pass an 
orogastric or nasogastric tube beyond 9–10 cm (the normal 
distance to the gastric cardia if the infant is 17 cm). A chest 
radiograph demonstrates air in the proximal esophageal 
pouch and will show the oro/naso-gastric tube to be coiled 
in the proximal pouch. The presence of air in the stom-
ach raises suspicion for a coexisting tracheoesophageal 
fistula (TEF).

EA and TEF are frequently associated with other 
anomalies, including cardiovascular, musculoskeletal, 
genitourinary, mediastinal, and head/neck defects. EA/
TEF are also seen in VACTERL syndrome (Vertebral, 
Anal, Cardiac, Tracheoesophageal fistula, Renal, and 
Limb anomalies) and CHARGE syndrome (Coloboma, 
Heart, Atresia of the choanae, Retarded growth, Genital 
Hypoplasia, Ear deformities).

Several prognostic classification systems exist, 
including the Waterson system, Spitz system, and Okamoto 
system. Waterson initially determined that weight, 
 associated congenital anomalies, and presence of pneumo-
nia were the biggest prognostic factors of perioperative mor-
tality. The Spitz system removed pneumonia as a risk factor, 
given the overall low incidence of pneumonia. Okamoto 
further refined the prognostic system, noting that a weight 
of less than 2  kg and associated congenital heart disease 
were the two biggest risk factors of perioperative mortality.

K E Y FAC T S

• EA is suspected in the antenatal period when fetal 
ultrasound demonstrates polyhydramnios and the 
absence of a gastric bubble.

Isolated EA
without fistula 7%
(Gross A/Vogt II)

EA with
proximal TEF 2%
(Gross B/Vogt III)

EA with
distal TEF 86%
(Gross C/Vogt IIIb)

EA with proximal
and distal TEF <1%
(Gross D/Vogt IIIa)

TEF without atresia 4%
(Gross E/‘H-type’)

figure 7.3 Classifications of tracheoesophageal fistula
(From Broemling N, Campbell F. Anesthetic management of congenital tracheoesophageal fistula. Pediatr Anesth. 2011;21:1092–9. Reprinted with permission.)
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• EA is usually diagnosed within the first 24 hours of 
life, with symptoms including increased salivation 
and secretions from the mouth and nose, choking and 
cyanosis noted with early feeding, and the inability to 
pass an orogastric or nasogastric tube beyond 9–10 cm.

• EA and TEF are frequently associated with other 
anomalies, including cardiovascular, musculoskeletal, 
genitourinary, mediastinal, head/neck defects, 
VACTERL syndrome, and CHARGE syndrome.

reference
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12. ANSWER: C

This patient is facing an impending respiratory arrest in 
the setting of progressive abdominal distention. In the 
case described, positive-pressure ventilation via bag mask 
resulted in progressive gastric insufflation through the 
existing fistula. In turn, this leads to poor pulmonary com-
pliance, making ventilation difficult. Additionally, the 
increase intra-abdominal pressure leads to decreased venous 
return and poor cardiac filling. Continual gastric insuffla-
tion also places the patient at risk for gastric rupture and 
tension pneumoperitoneum.

The most appropriate next step is emergent needle 
decompression of the stomach to relieve the elevated intra-
gastric pressure. Endotracheal intubation with the cuff of 
the endotracheal tube beyond the tracheoesophageal fistula 
is indicated, but even if achieved in an expedient manner, 
ventilation may still prove difficult without decompression 
of the stomach. In anticipation of bradycardia secondary 
to oxygen desaturation, many pediatric anesthesiologists 
would have a low threshold to administer atropine early in 
this setting as a temporizing measure. However, because 
atropine does not address the underlying cause of inad-
equate ventilation, it is not the most appropriate next step. 
Beginning cardiopulmonary resuscitation should never be 
delayed in cardiac arrest; however, the question stem does 
not indicate the patient is in cardiac arrest.

Traditionally, anesthetic management in TEF has 
focused on avoiding or minimizing positive pressure venti-
lation until the airway is secured distal to the fistula. Toward 
this end, most pediatric anesthesiologists utilize an inhala-
tion induction. Prior to surgical intervention, rigid bron-
choscopy is commonly performed to evaluate the airway 
anatomy. In a study of 113 neonates, 67% had TEF >1 cm 
above the carina, 22% <1  cm above the carina, and 11% 
below the carina. Studies suggest that fistulas <3  mm in 
diameter do not present ventilation challenges. A propofol 
infusion is often used to maintain spontaneous ventilation 

during rigid bronchoscopy. Once the location and size of 
the tracheoesophageal fistula is characterized by rigid bron-
choscopy, the airway is secured by endotracheal intubation. 
Usually, a cuffed endotracheal tube without a Murphy’s eye 
(side hole) is used, and it is positioned with the tip above the 
carina and the cuff below the fistula. Correct endotracheal 
tube position is critical, and it is often confirmed by aus-
cultation and clinical exam. The endotracheal tube may be 
intentionally advanced into the right mainstem bronchus 
and slowly withdrawn until breath sounds are heard in the 
left chest, without evidence of gastric distention. However, 
the use of a flexible fiberoptic bronchoscope to guide and 
confirm the position of the endotracheal tube is recom-
mended, as the risk of an incorrectly positioned endotra-
cheal tube can be catastrophic.

K E Y FAC T S

• Traditionally, anesthetic management in TEF has 
focused on avoiding or minimizing positive pressure 
ventilation until the airway is secured distal to the fistula.

• Most pediatric anesthesiologists utilize an inhalation 
induction in patients with a TEF.

• Prior to surgical intervention, rigid bronchoscopy is 
commonly performed to evaluate the airway anatomy.

• Studies suggest that fistulas <3 mm in diameter do not 
present ventilation challenges.

• A propofol infusion is often used to maintain 
spontaneous ventilation during rigid bronchoscopy.

• The endotracheal tube may be intentionally advanced 
into the right mainstem bronchus, and slowly 
withdrawn until breath sounds are heard in the left 
chest, without evidence of gastric distention.
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13. ANSWER: B

Pyloric stenosis is a condition in which hypertrophy of 
the muscularis layer of the pylorus results in obstruction of 
gastric emptying. Pyloric stenosis typically presents in the 
second to sixth week of life as nonbilious, projectile vomit-
ing. Pyloric stenosis affects males more than females, and 
for unclear reasons commonly affects the first-born male. 
Exam may be notable for a palpable olive-shaped mass in 
the epigastrium and visible peristalsis. Infants are typically 
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hungry shortly after vomiting (“hungry vomiter”). In addi-
tion to history and physical exam, ultrasound is a low cost, 
noninvasive, reliable method of diagnosis.

Pyloric stenosis is a medical (not surgical) emer-
gency. The classic metabolic derangement described in 
pyloric stenosis is a hypokalemic, hypochloremic, metabolic 
alkalosis due to the loss of gastric juices containing sodium, 
potassium, chloride, and hydrochloric acid. The initial renal 
response to the metabolic alkalosis is urinary excretion of 
bicarbonate, resulting in alkaline urine. However, as dehy-
dration sets in, the primary renal response shifts away from 
maintenance of pH and toward maintenance of intravascu-
lar volume status by resorption of water and sodium. This 
occurs by three main mechanisms:  (1)  aldosterone levels 
rise, which increases sodium resorption in the distal tubule 
via a Na-K exchange channel (consequently worsening the 
hypokalemia); (2) sodium exchange channels in the distal 
tube cause reabsorption of sodium in exchange for hydro-
gen ions, resulting in paradoxical aciduria (consequently 
worsening the metabolic alkalosis); and (3)  antidiuretic 
hormone increases, causing water absorption from the col-
lecting ducts. While metabolic alkalosis is the classic 
acid-base abnormality in the early stages of pyloric ste-
nosis, profound dehydration from ongoing vomiting and 
poor oral intake can lead to hypovolemic shock resulting 
in poor tissue perfusion and lactic acidosis. Thus, the pres-
ence of acidosis in a patient with pyloric stenosis is an 
indication that the patient is severely underresuscitated.

K E Y FAC T S

• Pyloric stenosis is a condition in which hypertrophy of 
the muscularis layer of the pylorus results in obstruction 
of gastric emptying.

• Pyloric stenosis typically presents in the second to sixth 
week of life as nonbilious, projectile vomiting.

• Pyloric stenosis affects males more than females, and for 
unclear reasons commonly affects the first-born male.

• Exam may be notable for a palpable olive-shaped mass in 
the epigastrium and visible peristalsis.

• Pyloric stenosis is a medical (not surgical) emergency.
• The classic metabolic derangement described in pyloric 

stenosis is a hypokalemic, hypochloremic, metabolic 
alkalosis due to the loss of gastric juices containing 
sodium, potassium, chloride, and hydrochloric acid.

• Thus, the presence of acidosis in a patient with pyloric 
stenosis is an indication that the patient is severely 
underresuscitated.
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14. ANSWER: B

Infants with pyloric stenosis should be adequately resus-
citated prior to surgical management, paying particular 
attention to their intravascular volume status and elec-
trolyte abnormalities. Clinical findings suggestive of 
hypovolemia in this population include dry mucous 
membranes, decreased skin turgor, poor capillary refill, 
sunken fontanelles and eyes, poor urine output, irritabil-
ity and lethargy, tachycardia, and hypotension. An intra-
venous catheter should be placed upon admission, and 
fluid resuscitation with crystalloid should be initiated. 
Each institution has its own practice patterns, but usu-
ally infants will be resuscitated with a bolus of 15–20 
cc/kg normal saline followed by an infusion of D

5
 ½ nor-

mal saline at 1.5–2 times the maintenance infusion rate. 
A  glucose bolus may be required if the infant is hypo-
glycemic. Once the patient has adequate urine output, 
potassium chloride (10–20 mEq/L) is often added to the 
infusion fluids. Electrolytes should be followed closely 
throughout the resuscitation.

Classically, patients with pyloric stenosis have a 
hypokalemic, hypochloremic metabolic alkalosis. 
However, they may present with a lactic acidosis if they 
are in hypovolemic shock. Patients are deemed opti-
mized for surgery when they are hemodynamically stable, 
euvolemic on examination, and their electrolyte derange-
ments have been corrected. While there are no univer-
sally accepted guidelines for electrolyte values reflective 
of adequate resuscitation, it is generally accepted that a 
K >3 mEq/L, Cl > 90 mEq/L, and HCO

3
 < 30 mEq/L 

are necessary before proceeding to the operating room. 
Answer A is reflective of a patient with hyperaldosteronism 
leading to hypernatremia and hypokalemia. Regardless, 
a patient with a K < 3 mEq/L is not optimized for this 
procedure. Answer C shows typical lab values that may 
be encountered on admission, reflecting a hypochloremic, 
hypokalemic metabolic alkalosis. Answer D is consistent 
with a metabolic acidosis with elevated anion gap, as would 
be seen in severely underresuscitated pyloric stenosis with 
hypovlemic shock.

Pediatric anesthesiologists should be aware that post-
operative apnea has been reported in patients with 
pyloric stenosis and is believed to be caused by elevated 
cerebrospinal fluid pH. Despite the correction of serum 
electrolyte abnormalities, the cerebrospinal fluid may 
remain alkalotic in the postoperative period, decreasing the 
drive to breathe through central CO

2
 chemoreceptors. For 

this reason, it is also important to avoid hyperventilation 
intraoperatively.
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K E Y FAC T S

• Infants with pyloric stenosis should be adequately 
resuscitated prior to surgical management, paying 
particular attention to their intravascular volume status 
and electrolyte abnormalities.

• Clinical findings suggestive of hypovolemia in this 
population include dry mucous membranes, decreased 
skin turgor, poor capillary refill, sunken fontanelles 
and eyes, poor urine output, irritability and lethargy, 
tachycardia, and hypotension.

• Usually infants will be resuscitated with a bolus of 
15–20 cc/kg normal saline followed by an infusion of 
D5 ½ normal saline at 1.5–2 times the maintenance 
infusion rate.

• Patients with pyloric stenosis have a hypokalemic, 
hypochloremic metabolic alkalosis. It is recommended 
to correct electrolytes to K >3 mEq/L, Cl >90 mEq/L, 
and HCO

3
 <30 mEq/L before proceeding to the 

operating room.
• They may present with a lactic acidosis if they are in 

hypovolemic shock.
• Postoperative apnea has been reported in patients with 

pyloric stenosis and is believed to be caused by elevated 
cerebrospinal fluid pH.
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15. ANSWER: A

Infants with pyloric stenosis have impaired gastric emp-
tying and large gastric fluid volumes, putting them at risk 
for vomiting and aspiration during induction of anesthesia. 
In a prospective study evaluating the gastric fluid volume 
of 75 infants undergoing pyloromyotomy for pyloric steno-
sis, Cook-Sather et al. demonstrated that the average total 
gastric fluid volume was 5.0 cc/kg, which is 10 times 
more than otherwise healthy, fasted infants for elective 
surgery. In 15 of those patients, they used upper gastroin-
testinal endoscopy after suctioning to measure the residual 
volume of gastric contents. They found that after two to 
three passes of a large-bore multiorifice gastric tube (14 
French) in the supine position awake, the average residual 
gastric volume was 0.8 cc/kg. In other words, emptying 
the stomach in this manner prior to induction resulted 

in recovery of 96% of the gastric contents. In addition, 
they also found that the presence of a preoperative nasogas-
tric tube (≤10 French) does not reliably reduce gastric fluid 
volume. Due to this finding, some institutions no longer 
advocate placing nasogastric tubes routinely in patients 
admitted for pyloric stenosis. It is recommended that in 
situ nasogastric tubes be aspirated and removed prior 
to induction, and the stomach suctioned awake two to 
three times with a large-bore multiorifice catheter. Proper 
suction catheter placement should be verified by insertion 
to a measured topographic distance, observation of tenting 
the epigastrium, and aspiration of gastric contents with wall 
suction. Some pediatric anesthesiologists advocate for suc-
tioning the stomach in supine, right lateral decubitus, 
and left lateral decubitus position to maximize gastric 
emptying. Contrary to what one might expect, this study 
found that fasting intervals and evaluation with a barium 
swallow study did not affect the gastric fluid volumes.

K E Y FAC T S

• Infants with pyloric stenosis have impaired gastric 
emptying and large gastric fluid volumes, putting them 
at risk for vomiting and aspiration during induction of 
anesthesia.

• The average total gastric fluid volume was 5.0 cc/kg, 
which is 10 times more than otherwise healthy.

• Emptying the stomach in this manner prior to induction 
results in recovery of 96% of the gastric contents.

• In situ nasogastric tubes should be aspirated and 
removed prior to induction.

• Some pediatric anesthesiologists advocate for suctioning 
the stomach in supine, right lateral decubitus, and left 
lateral decubitus position to maximize gastric emptying.
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16. ANSWER: D

Inguinal hernias occur due to the congenital failure of 
processus vaginalis/Canal of Nuck to obliterate. They are 
more common in males. Right-sided (60%) hernias are 
more common than left (30%), with bilateral hernias pres-
ent in 10% of cases.

Risk factors are prematurity, family history (sib-
lings), connective tissue disorders (Ehler-Danlos syn-
drome), cystic fibrosis, increased intra-abdominal pressure 
(ventriculo-peritoneal shunt, ascites), abdominal wall 
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defects (omphalocele, gastroschisis), and urological condi-
tions (exstrophy of bladder, cryptorchidism).

Premature babies with inguinal hernias are more 
prone to incarceration; therefore, inguinal hernias should 
be repaired as soon as they are medically stable. Irreducible 
inguinal hernias typically present as a groin lump that can 
be tender and firm, an irritable or fussy baby, a history of 
vomiting, and erythema of the affected area. If irreducible, 
a diagnosis of incarcerated or obstructed hernia is made. 
Emergency surgery is required in this case, given the risk 
of bowel ischemia or gonadal infarction. If it is reducible, 
surgery may be delayed for a few hours until the bowel and 
tissue edema subsides, or it can be scheduled electively.

K E Y FAC T S

• Inguinal hernias occur due to the congenital failure of 
processus vaginalis/Canal of Nuck to obliterate.

• They are more common in males. Right-sided (60%) 
hernias are more common than left (30%), with bilateral 
hernias present in 10% of cases.

• Risk factors are prematurity, family history, 
connective tissue disorders, cystic fibrosis, increased 
intra-abdominal pressure, abdominal wall defects, and 
urological conditions.

• Premature babies with inguinal hernias are more prone 
to incarceration; therefore, inguinal hernias should be 
repaired as soon as they are medically stable.

• Emergency surgery is required for irreducible inguinal 
hernias, given the risk of bowel ischemia or gonadal 
infarction.
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17. ANSWER: C

Premature infants less than 50–60 weeks postconcep-
tual age are at risk of obstructive and central apnea 
for up to 24 hours postoperatively. Term infants can 
experience apneic spells following general anesthesia, 
but much more rarely. The greatest risks for postop-
erative, postanesthesia apnea include a low gestational 
age at birth, anemia (<30%), hypothermia, sepsis, and 
neurological abnormalities. Intravenous caffeine (10 
mg/kg) or aminophylline may decrease the risk of 
postanesthetic apnea.

For spinal anesthesia involving inguinal hernia repair, 
an intrathecal injection of hyperbaric tetracaine (equal vol-
umes of 1% tetracaine and 10% dextrose) in a dose 1 mg/
kg or isobaric bupivacaine (1 mg/kg) with 0.01 mL/kg epi-
nephrine (1:100,000) through a 22-gauge spinal needle pro-
vides surgical anesthesia for 1–2 hours. Smaller doses can be 
used for surgery on lower extremities. The addition of cloni-
dine also prolongs the duration but may cause hypoten-
sion and apnea in larger doses. Epidural anesthesia via the 
lumbar or caudal route has the advantage of ease and place-
ment of a catheter to prolong the duration of block.

Total spinal anesthesia is manifested by apnea and 
no change in systemic blood pressure. It typically occurs 
when the lower part of the body is elevated above the head; 
for example, while placing the electrocautery pad on the 
back. Ideally, the entire body should be elevated horizon-
tally to place the pad. Other factors increasing the risk of 
total spinal anesthesia include the rate and force of injec-
tion or unintended barbotage. Management of a total spi-
nal anesthetic consists of assisted or controlled ventilation 
until the return of spontaneous respiration.

One of the advantages cited for spinal anesthesia is 
the decrease in incidence of postoperative apnea com-
pared to general anesthesia. Welborn and colleagues 
compared the incidence of postoperative apnea after gen-
eral anesthesia compared to spinal anesthesia and spinal 
anesthesia with ketamine supplementation. No apnea was 
reported in the spinal group, but the incidence of apnea was 
89% in the spinal group receiving supplemental ketamine 
and 31% in the general anesthesia group.

K E Y FAC T S

• Premature infants less than 50–60 weeks 
postconceptual age are at risk of obstructive and central 
apnea for up to 24 hours postoperatively.

• Term infants can experience apneic spells following 
general anesthesia, but much more rarely.

• The greatest risks for postoperative, postanesthesia apnea 
include a low gestational age at birth, anemia (<30%), 
hypothermia, sepsis, and neurological abnormalities.

• Intravenous caffeine (10 mg/kg) or aminophylline may 
decrease the risk of postanesthetic apnea.

• One of the advantages cited for spinal anesthesia is the 
decrease in incidence of postoperative apnea compared 
to general anesthesia.
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18. ANSWER: C

Prune belly syndrome, or Eagle–Barrett syndrome, is more 
common in males (>90%) than females. The syndrome 
is characterized by deficient abdominal wall, hypotonia, 
pathophysiological dilatation of the urinary system, and 
bilateral cryptorchidism. It can also be associated with pul-
monary hypoplasia, cardiovascular involvement (ventric-
ular septal defect, patent ductus arteriosus, tetralogy of 
Fallot), gastrointestinal involvement (malrotation, cloa-
cal anomaly), musculoskeletal involvement (scoliosis, 
club feet, congenital dislocation of hip), Trisomy 18, and 
Trisomy 21. The postnatal course is dictated by comorbidi-
ties like prematurity. Severe renal dysfunction with pulmo-
nary hypoplasia results in 100% mortality soon after birth.

Pathogenesis theories include an obstructed urethra and 
mesodermal developmental defect. Sonographic features 
include bilateral hydroureter and hydronephrosis, a distended 
thin-walled bladder, and oligohydramnios. Oligohydramnios 
implies poor urine output and renal dysfunction.

Management aims to preserve renal function and 
prevent urinary infection. The abdominal distension in 
utero results in weak rectus muscles contributing to lim-
ited expiration, limited ability to cough (prone for aspira-
tion, pneumonia), and inability to increase intra-abdominal 
pressure during defecation, resulting in constipation.

These children require orchidopexy at an early age to 
preserve testicular function, various urological surger-
ies to preserve renal function, and abdominal recon-
struction to increase tone.

K E Y FAC T S

• Prune belly syndrome, or Eagle–Barrett syndrome, is 
more common in males (>90%) than females.

• The syndrome is characterized by deficient abdominal 
wall, hypotonia, pathophysiological dilatation of the 
urinary system and bilateral cryptorchidism.

• It can also be associated with pulmonary hypoplasia, 
cardiovascular involvement, gastrointestinal 
involvement, musculoskeletal involvement, Trisomy 18, 
and Trisomy 21.

• Management aims to preserve renal function and 
prevent urinary infection.
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19. ANSWER: B

Duplication cysts of the gastrointestinal tract are 
uncommon congenital lesions with an incidence of 
1:4500. They can occur anywhere from mouth to anus. 
The most common affected site is the ileum. The cysts 
are located on the mesenteric border and may or may not 
have communication with the bowel. The cysts are spheri-
cal in most cases, but also occur in tubular form. They have 
a mucosal lining and are usually filled with fluid. Gastric 
mucosa is found in almost 50% of the cysts.

Presentation depends on the age of the patient, size, 
and location of cysts. Neonates and infants usually pres-
ent with abdominal distension and vomiting (volvulus, 
intussusception). Older children present with pain in 
the abdomen and vomiting. Esophageal cysts may cause 
dysphagia or respiratory issues. Prenatal ultrasound helps 
in diagnosis of the cyst and early treatment before symp-
toms appear. Ultrasound, CT scan, and MRI are used in 
diagnosis. Management involves resection of the cyst and 
occasionally the bowel.

K E Y FAC T S

• Duplication cysts of the gastrointestinal tract are 
uncommon congenital lesions with an incidence of 
1:4500.

• They can occur anywhere from mouth to anus, and the 
most common affected site is the ileum.

• The cysts are located on the mesenteric border and may 
or may not have communication with the bowel.

• Neonates and infants usually present with abdominal 
distension and vomiting (volvulus, intussusception), 
while older children present with pain in the abdomen 
and vomiting.
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20. ANSWER: C

Hirschsprung disease is an idiopathic congenital dis-
order of colorectal motility, characterized by the absence 
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of ganglion cells in the myenteric plexus and Auerbach’s 
plexus of the rectum and part of the colon. Hirschsprung 
disease is more common in males and typically presents 
as failure to pass meconium at birth and constipation in 
infants and toddlers.

The diagnosis is usually made by a contrast enema, 
rectal biopsy, and in some centers by anorectal mano-
metric study. Anorectal manometry is done in children 
older than 2 weeks. An inflated balloon in the rectum nor-
mally causes a reflex relaxation of the internal anal sphinc-
ter. In Hirschsprung disease, the sphincter does not relax 
and the measured pressure at the sphincter may actually 
increase in response to the balloon inflation of the rectum.

Contrast enema is performed with barium or 
water-soluble contrast agent. The classic picture is dilated 
proximal colon that transitions rapidly to a normal or 
narrow-caliber rectum. The transition zone may not always 
be appreciated. Radiograph taken 24 hours after contrast 
enema strongly suggests Hirschsprung disease if there is 
incomplete evacuation of barium from the rectum. In a nor-
mal individual, the diameter of the rectum is larger than the 
sigmoid and descending colon.

Rectal biopsy is performed in most cases as a suction 
biopsy and in some cases ass open rectal biopsy. Suction 
rectal biopsy has to be performed about 2–3 cm above 
the dentate line because the most distal part of rectum 
(anal canal) is normally aganglionic. The biopsy should 
include the submucosal tissue. Hirschsprung disease is 
confirmed if there are no ganglionic cells in the submu-
cosal plexus. Presence of hypertrophied nerve trunks with 
aganglionic cells increases the accuracy. Increased amount 
of acetylcholinesterase shown by staining also confirms the 
diagnosis.

The definitive treatment is surgical resection of the 
aganglionic segment of bowel and replacement with the 
normally innervated proximal bowel.

K E Y FAC T S

• Hirschsprung disease is an idiopathic congenital 
disorder of colorectal motility, characterized by the 
absence of ganglion cells in the myenteric plexus and 
Auerbach’s plexus of the rectum and part of the colon.

• Hirschsprung disease is more common in males and 
typically presents as failure to pass meconium at birth 
and constipation in infants and toddlers.

• The diagnosis is usually made by a contrast enema, rectal 
biopsy, and in some centers by anorectal manometric 
study, and anorectal manometry is done in children 
older than 2 weeks.

• Hirschsprung disease is confirmed if there are no 
ganglionic cells in the submucosal plexus.

• The definitive treatment is surgical resection of the 
ganglionic segment of bowel and replacement with the 
normally innervated proximal bowel.
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21. ANSWER: A

Ulcerative colitis is characterized by mucosal inflam-
mation limited to the colon. The rectum is involved in 
95% of patients. The most common presentation is rectal 
bleeding associated with abdominal pain and diarrhea. 
The inflammation is continuous, starting in the rectum 
and extending variably in the colon.

Crohn’s disease is characterized by transmural 
inflammation and is not limited to the colon. The inflam-
mation can extend from mouth to anus, and the lesions are 
patchy. The terminal ileum is the most common site of 
involvement. Patients usually present with abdominal 
pain, poor appetite, weight loss, and diarrhea. Perianal 
disease is much more common and can present as abscesses, 
fistulas, and fissures.

Extraintestinal manifestations are common in both 
ulcerative colitis and Crohn’s disease. The cutaneous 
manifestations include erythema nodosum (more in Crohn’s  
disease) and pyoderma gangrenosum. Joint manifestation 
includes arthralgia or arthritis. Ocular manifestations 
include episcleritis and anterior uveitis. Oral aphthous sto-
matitis is more common in Crohn’s disease than ulcerative 
colitis. Other manifestations include osteoporosis, pancre-
atitis, primary sclerosing cholangitis, nephrolithiasis, and 
thrombosis.

Diagnosis is made by upper endoscopy, colonos-
copy, and tissue histology. The main goals of treatment 
are induction and maintenance of remission. Treatment 
prior to 2000 was mainly with steroids. Today, treatment 
includes medications like aminosalicylates (sulfasalazine), 
immunomodulators (methotrexate), and biologics (inflix-
imab). Other treatment modalities are nutrition therapy, 
antibiotics, and surgery.

K E Y FAC T S

• Ulcerative colitis is characterized by mucosal 
inflammation limited to the colon, and the rectum is 
involved in 95% of patients.

• The most common presentation is rectal bleeding 
associated with abdominal pain and diarrhea.

• The inflammation is continuous, starting in the rectum 
and extending variably in the colon.

• Crohn disease is characterized by transmural 
inflammation and is not limited to the colon.

• The inflammation can extend from mouth to anus, and 
the lesions are patchy.
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• The terminal ileum is the most common site of 
involvement.

• Patients usually present with abdominal pain, poor 
appetite, weight loss, and diarrhea.

• Perianal disease is much more common and can present 
as abscesses, fistulas, and fissures.
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22. ANSWER: D

According to the National Poison System Data, the percent-
age of ingestion of button batteries resulting in major or 
fatal outcome has increased 6.7-fold from 1985 to 2009. 
There is an increase in ingestion of 20  mm and 25  mm 
lithium batteries due to the increased use and availability. 
Ingestion of a lithium battery results in the following:

1. Electrical discharge: electric current flows from the 
negative pole of the battery through surrounding 
tissue, causing local hydrolysis of tissues, production 
of hydroxide at the negative pole, and corrosive tissue 
injury.

2. Leakage of battery contents: seal of the battery 
may be compromised by stomach acid, leading to 
leakage of alkaline hydroxides.

3. Pressure necrosis: compression of the mucosa by 
the battery causes tissue injury over time.

It is not necessary to obtain mercury levels in blood or 
urine after battery ingestion because batteries with mercu-
ric oxide have not been produced since 1996. Cylindrical 
batteries usually pass easily along the gastrointestinal tract. 
They should be removed endoscopically if lodged in the 
esophagus or for more than 48 hours in the stomach.

Button batteries cause more tissue injury. The 20 mm 
size battery has higher capacitance and voltage. Even a dead 
battery can still generate electricity. Anterior-posterior 
and lateral radiograph of neck, chest, and abdomen should 
be taken if history is unreliable. Endoscopic removal is 
advised for battery lodged in the esophagus as soon as pos-
sible. If the button battery is beyond the esophagus and 
patient is asymptomatic, the patient can be observed at 
home. Stools can be checked to verify that the battery has 
passed; repeat radiographs can be obtained in 10 to 14 days 
if the battery has not yet passed. The battery should be 
removed from the stomach or beyond if a magnet was also 

ingested, the patient develops GI symptoms, the patient 
is less than 6 years and ingests a battery 15 mm or larger, 
or the battery remains in the stomach for 4 days or more. 
Necrosis of gastric mucosa may be seen within 4 hours of 
battery ingestion and hence early removal is indicated. After 
removal, patient should be observed for complications like 
tracheoesophageal fistula, aortoesophageal fistula, bleed-
ing, mediastinitis, perforations, and respiratory problems.

K E Y FAC T S

• The percentage of ingestion of button batteries resulting 
in major or fatal outcome has increased 6.7-fold from 
1985 to 2009.

• Ingestion of a lithium battery can result in pressure 
necrosis and injury from electrical discharge and leakage 
of battery contents.

• Button batteries cause more tissue injury.
• Even a dead battery can still generate electricity.
• Endoscopic removal is advised for battery lodged in the 

esophagus as soon as possible.
• Complications that may occur include 

tracheoesophageal fistula, aortoesophageal fistula, 
bleeding, mediastinitis, perforations, and respiratory 
problems.
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23. ANSWER: B

Necrotizing enterocolitis (NEC) is usually seen in pre-
mature infants and results from bowel necrosis. Clinical 
suspicion of necrotizing enterocolitis (NEC) warrants 
both radiological and laboratory investigations to confirm 
diagnosis and aid in management. Clinical signs and symp-
toms may be nonspecific.

Plain abdominal supine anterior-posterior films 
may show nonspecific signs like diffuse distension and 
asymmetrical bowel pattern. Pneumatosis intestinalis 
and portal venous gas are pathognomonic signs of NEC. 
A left lateral decubitus or lateral film in the supine position 
is indicated for detection of free air from bowel perforation. 
Serial films are indicated to assess progress of the condition.

Laboratory findings such as thrombocytopenia, 
neutropenia, coagulopathy, and persistent metabolic 
acidosis are found with impending or severe NEC. Serial 
hematological and metabolic investigations are conducted 
to assess progression and aid in management. A  sudden 
increase in the C-reactive protein points to severe inflam-
matory condition/NEC.
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Abdominal wall erythema with abdominal disten-
sion is an ominous sign of severe inflammation.

K E Y FAC T S

• NEC is usually seen in premature infants and results 
from bowel necrosis.

• In a patient with NEC, plain abdominal supine 
anterior-posterior films may show nonspecific signs like 
diffuse distension and asymmetrical bowel pattern.

• Pneumatosis intestinalis and portal venous gas are 
pathognomonic signs of NEC.

• Laboratory findings such as thrombocytopenia, 
neutropenia, coagulopathy, and persistent metabolic 
acidosis are found with impending or severe NEC.
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24. ANSWER: A

The absolute indications for surgery in a patient with NEC 
are pneumoperitoneum, clinical deterioration in spite of max-
imal medical management, and abdominal mass with persis-
tent intestinal obstruction (persistent dilated bowel loops that 
looks dilated and remains unchanged on sequential films).

The relative indications for surgery in a patient with 
NEC are portal venous gas and increased abdominal ten-
derness, distension, and/or discoloration.

The principle of surgery in a patient with necrotiz-
ing enterocolitis is to remove necrotic intestine, control 
intra-abdominal sepsis, and preserve as much intestine as 
possible.

Surgical options depend on the condition of the patient 
and surgical preferences. The traditional approach is to excise 
nonviable bowel and exteriorize until healing occurs. The 
continuity of the bowel is achieved at a later stage. Some sur-
geons do the anastomosis at the same setting depending on 
the condition. If the disease is multifocal, multiple resection 
and anastomosis are performed or a “clip and drop” approach 
is done followed by a second look laparotomy. Care may be 
withdrawn if the involvement is extensive on laparotomy.

K E Y FAC T S

• The absolute indications for surgery are 
pneumoperitoneum, clinical deterioration in spite of 

maximal medical management, and abdominal mass 
with persistent intestinal obstruction.

• The relative indications for surgery are portal venous gas 
and increased abdominal tenderness, distension, and/or 
discoloration.

• The principle of surgery in a patient with necrotizing 
enterocolitis is to remove necrotic intestine, control 
intra-abdominal sepsis, and preserve as much intestine as 
possible.
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25. ANSWER: C

Acute appendicitis has a peak incidence between the ages 
of 12–18 years. It is rare in children <5 years of age and is 
slightly more common in males and whites in the United 
States. A  seasonal peak incidence is seen in autumn and 
spring.

Perforation is more common in the younger age group 
with an incidence of 82% in children <5 years and nearly 
100% in infants.

Symptoms vary depending on position of appendix, 
time of presentation, age of patient, and progression of dis-
ease. Abdominal pain is consistent and is usually the 
primary symptom. The other symptoms consist of mal-
aise, anorexia, vomiting, diarrhea, and urinary symptoms. 
Retrocecal appendicitis may mimic a septic hip.

Surgery is indicated in acute appendicitis. Prior to 
surgery patient should receive hydration, pain control, and 
antibiotics. If perforation is identified at the time of diagno-
sis, surgery is less urgent. In these cases proper preoperative 
management is more critical than urgent surgery.

Stabilization of patient with hydration and antibiotics 
should be a priority. If indicated, percutaneous placement of 
drainage catheters is performed for fluid collection/abscess.

K E Y FAC T S

• Acute appendicitis has a peak incidence between the 
ages of 12–18 years, with a seasonal peak incidence in 
the autumn and spring.

• Perforation is more common in the younger age group 
with an incidence of 82% in children <5 years and nearly 
100% in infants.

• Abdominal pain is consistent and is usually the primary 
symptom. The other symptoms consist of malaise, 
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anorexia, vomiting, diarrhea, and urinary symptoms; 
retrocecal appendicitis may mimic a septic hip.
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26. ANSWER: B

Juvenile polyp is the most common intestinal polyp found 
in childhood. It usually occurs during the first decade of life 
with a peak incidence between the ages of 2 and 5 years. It is 
rare in the first 12 months of life.

The typical presentation is episodic bouts of rectal 
bleed not associated with any abdominal discomfort or 
significant anemia.

No polyps are discovered in the upper gastrointestinal 
tract during endoscopy. During colonoscopy almost 53% 
of the polyps are located in the rectosigmoid area with 
the remainder equally distributed in the rest of the colon. 
The polyps are removed by using a snare and eletrocautery. 
Removed polyps are sent for histology. Repeat colonoscopy 
is indicated if rectal bleeding recurs.

Juvenile polyp is a benign nonneoplastic tissue 
growth. There is no association with any genetic disorder 
or with a family history of polyps.

K E Y FAC T S

• Juvenile polyp is the most common intestinal polyp 
found in childhood.

• The typical presentation is episodic bouts of rectal 
bleed not associated with any abdominal discomfort 
or significant anemia.

• 53% of the polyps are located in the rectosigmoid 
area with the remainder equally distributed in the 
rest of the colon.

• Juvenile polyp is a benign nonneoplastic tissue 
growth.
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27. ANSWER: A

Juvenile polyposis syndrome is a rare syndrome asso-
ciated with multiple polyps throughout the intestinal 
tract with majority in the colon. It is transmitted as an 
autosomal dominant trait. Approximately 85% of patients 
with juvenile polyposis report a family history of polyps.

The age at presentation is the first and second decade 
of life. The presenting symptoms are more severe than juve-
nile polyps. The presentation includes rectal bleeding, 
abdominal pain, anemia, mucus in stools, diarrhea, 
prolapse of polyp or rectum, and also hypokalemia and 
hypoalbuminemia due to protein-losing enteropathy.

Histological features of juvenile polyposis are not dis-
tinguishable from juvenile polyps.

Patient with juvenile polyposis are at risk of developing 
gastrointestinal tumors with a lifetime risk near 55%.

Endoscopy and colonoscopy are conducted initially to 
identify and remove all polyps. Screening colonoscopy is 
indicated every 1 to 3 years, depending on the number of 
polyps found. Upper endoscopy is conducted every 3 years. 
Family members should be screened also. In severe cases 
with numerous polyps, total colectomy or gastrectomy 
may be needed. Polyps should be removed during frequent 
upper endoscopies and colonoscopies in affected patients.

Peutz-Jeghers syndrome is the presence of gastroin-
testinal polyps with abnormal pigmentation of skin and 
oral mucosa.

K E Y FAC T S

• Juvenile polyposis syndrome is a rare syndrome 
associated with multiple polyps throughout the 
intestinal tract with the majority in the colon.

• Juvenile polyposis syndrome is transmitted as an 
autosomal dominant trait, and approximately 85% of 
patients with juvenile polyposis report a family history 
of polyps.

• The presentation includes rectal bleeding, abdominal 
pain, anemia, mucus in stools, diarrhea, prolapse 
of polyp or rectum, and also hypokalemia and 
hypoalbuminemia due to protein-losing enteropathy.

• Patients with juvenile polyposis are at risk of developing 
gastrointestinal tumors with a lifetime risk near 55%.
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28. ANSWER: D

Celiac disease (CD) is an enteropathy due to ingestion 
of gluten. Clinical presentation includes both intestinal 
and extraintestinal manifestations. The typical presenta-
tion of pediatric celiac disease includes failure to thrive, 
diarrhea, constipation, vomiting, distension of abdomen, 
and irritability. The extraintestinal manifestations are 
dermatitis herpetiformis, anemia, aphthous stomatitis, 
delayed growth/puberty, dental enamel defects, osteopenia, 
osteoporosis, and abnormal liver function tests.

Celiac crisis is a rare medical emergency, typically 
seen in toddlers. It presents as explosive, watery diarrhea 
with marked abdominal distension leading to dehydration, 
hypotension, electrolyte imbalance, and lethargy. Celiac 
crisis typically responds to corticosteroids in a few days.

Dermatitis herpetiformis is the most common skin 
lesion in CD, but it is not as common in children. It pres-
ents as chronic, pruritic, papular/vesicular rash.

CD is commonly associated with type 1 diabetes, 
Hashimoto thyroiditis, Down syndrome, Turner syn-
drome, Williams syndrome, and a positive family his-
tory of CD. The less common associations are with juvenile 
arthritis, alopecia areata, vitiligo, hepatitis, cholangitis, 
Sjögren syndrome, Addison disease, peripheral neuropathy, 
psoriasis, and autoimmune cardiomyopathy. It occurs in 
up to 1% of Caucasians of European heritage and is rare in 
those of Asian and African heritage.

Diagnosis of CD is based on clinical presentation, 
screening using IgA antitissue transglutaminase (TTG) 
antibody test, and confirmation with small-bowel 
biopsy (atrophic villi).

Treatment is lifelong avoidance of gluten in the diet.

K E Y FAC T S

• CD is an enteropathy due to ingestion of gluten.
• The typical presentation of pediatric celiac disease 

includes failure to thrive, diarrhea, constipation, 
vomiting, distension of abdomen, and irritability.

• The extraintestinal manifestations are dermatitis 
herpetiformis, anemia, aphthous stomatitis, delayed 
growth/puberty, dental enamel defects, osteopenia, 
osteoporosis, and abnormal liver function tests.

• Celiac crisis is a rare medical emergency, typically 
seen in toddlers, which presents as explosive, watery 
diarrhea with marked abdominal distension leading to 
dehydration, hypotension, electrolyte imbalance, and 
lethargy; it typically responds to corticosteroids in a 
few days.

• CD is commonly associated with type 1 diabetes, 
Hashimoto thyroiditis, Down syndrome, Turner 
syndrome, Williams syndrome, and a positive family 
history of CD.
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29. ANSWER: A

A term neonate has 250  cm of small bowel and 40  cm 
of colon. The jejunum, ileum, and colon double in length 
during the last trimester. In an adult, the small bowel is 
400–700 cm.

The small bowel is involved in digestion and absorp-
tion of nutrients and fluid balance.

The duodenum is responsible for absorption of iron, 
carbohydrates, and electrolytes (calcium, magnesium, zinc). 
It neutralizes the gastric acidic contents. Gastric secretions 
are mixed with intestinal, hepatic, and pancreatic secretions 
to aid digestion. Chylomicrons are also formed in duode-
num to aid fat absorption further downstream.

The jejunum has a larger absorptive area and higher enzyme 
and carrier protein concentration. Folate, trace elements, elec-
trolytes (calcium and other minerals), fat-soluble vitamins, 
carbohydrates, free fatty acids, and water are absorbed in the 
jejunum. Although the ileum can compensate for some of the 
jejunal function, it cannot replace it. Loss of jejunum results in 
loss of production of cholecystokinin and motilin, thus affect-
ing motility and digestion. Biliary and pancreatic secretions 
are decreased when the jejunum is lost, but gastrin levels are 
increased, resulting in gastric hypersecretion.

The ileum has less absorptive area but more lymphoid 
tissue (immune regulation) compared to jejunum. Ileal 
resections can result in decreased absorption of bile acids, 
bile salts, complex of intrinsic factor with vitamin B12, 
fluid, and electrolytes. The jejunum cannot compensate for 
the loss of ileum. Ileum is also the site of production of 
the enzymes peptide YY and enteroglucagon. Peptide YY 
controls the rate of gastric emptying and is also known as 
the “ileal brake.” Ileal resection can also lead to gallstones 
and renal stones.

The ileocaecal valve plays an important role in slow-
ing the intestinal transit and prevents colonization of the 
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small bowel by colonic bacteria. So excision or loss of the 
ileocecal valve results in increased loss of fluids and electro-
lytes and small-bowel bacterial overgrowth. Preservation of 
the ileocaecal valve during resection improves prognosis for 
short-bowel syndrome.

K E Y FAC T S

• A term neonate has 250 cm of small bowel and 40 cm of 
colon, while in an adult, the small bowel is 400–700 cm.

• The small bowel is involved in digestion and absorption 
of nutrients and fluid balance.

• The duodenum is responsible for absorption of iron, 
carbohydrates, and electrolytes (calcium, magnesium, 
zinc), and it neutralizes the gastric acidic contents.

• Folate, trace elements, electrolytes (calcium and other 
minerals), fat-soluble vitamins, carbohydrates, free fatty 
acids, and water are absorbed in the jejunum.

• In the ileum, bile acids, bile salts, complex of intrinsic 
factor with vitamin B12, fluid, and electrolytes 
are absorbed, and the enzymes peptide YY and 
enteroglucagon are produced.
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30. ANSWER: A

Hiatal hernia and gastroesophageal reflux (GER) can 
present as frequent emesis, regurgitation, refusal of feeds 
(especially in presence of esophagitis), and chronic respira-
tory issues.

Diagnostic methods for hiatal hernia and GER are 
upper gastrointestinal series, nuclear scintigraphy, endos-
copy with biopsies, pH probe or wireless pH monitoring, 
multichannel intraluminal impedance monitoring, and 
empirical pharmacological therapy (only in GER).

Surgical treatment is indicated in hiatal hernia and 
failed medical management of GER. Nissen fundopli-
cation involves wrapping the gastric fundus around the 
gastroesophageal junction. In recent years, a laparoscopic 
approach has become the preferred method. The patient 
has to be intubated and is usually extubated at the end of 
surgery. The surgery is not associated with significant post-
operative pain, large fluid shifts, or blood loss. The anes-
thesiologist usually inserts a bougie catheter to assist the 
surgeon in gauging how tight to tie the stomach around the 

esophagus. At the end of surgery, it is common to inject air 
through a gastric tube to assess that there is no leak in the 
gastric mucosa following the procedure.

Some of the complications following a Nissen fun-
doplication are dysphagia, gas bloat syndrome, dump-
ing syndrome, paraesophageal hernia, and small-bowel 
obstruction.

K E Y FAC T S

• Hiatal hernia and gastroesophageal reflux (GER) can 
present as frequent emesis, regurgitation, refusal of 
feeds (especially in presence of esophagitis), and chronic 
respiratory issues.

• Diagnostic methods for hiatal hernia and GER are upper 
gastrointestinal series, nuclear scintigraphy, endoscopy 
with biopsies, pH probe or wireless pH monitoring, 
multichannel intraluminal impedance monitoring, and 
empirical pharmacological therapy (only in GER).

• Surgical treatment is indicated in hiatal hernia and 
failed medical management of GER.

• Some of the complications following a Nissen 
fundoplication are dysphagia, gas bloat syndrome, 
dumping syndrome, paraesophageal hernia, and small-
bowel obstruction.
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31. ANSWER: B

Umbilical hernia is an outpouching of abdominal con-
tents through a defect in the area of the umbilicus. This 
abdominal defect is usually covered with skin. Umbilical 
hernias are common in premature babies and babies of 
African descent, and they occur equally in both sexes. They 
present as a prominent protuberance at the umbilical area 
when the baby cries, coughs, or strains. Umbilical hernias 
are typically nontender and easily reducible.

Umbilical hernias tend to shrink spontaneously as the 
child grows. In almost 90% of cases it closes spontaneously 
by the age of 3 and no surgery is indicated. Most parents just 
have to be reassured. Complications are rare.

Surgery is indicated if the swelling is tender, irre-
ducible, still present by 4 years of age, or if the swelling 
is large. General anesthesia is required. If the swelling is 
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small and muscle relaxation is not required by the surgeon, 
the case can be done with an LMA. A rectus sheath block 
can be performed for postoperative pain relief.

K E Y FAC T S

• Umbilical hernia is an outpouching of abdominal 
contents through a defect in the area of the umbilicus.

• Umbilical hernias are common in premature babies and 
babies of African descent, and they occur equally in 
both sexes.

• An ubilical hernia presents as a prominent protuberance 
at the umbilical area when the baby cries, coughs, or 
strains; it is typically nontender and easily reducible.

• Surgery is indicated if the swelling is tender, irreducible, 
still present by 4 years of age, or if the swelling is large.
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32. ANSWER: D

Almost all intravenous anesthetics undergo some degree 
of hepatic metabolism through oxidation and conju-
gation. In patients with underlying liver disease, many 
of these medications may have altered metabolism due to 
(1) decreased ability to carry out phase I and II reactions and 
(2)  decreased circulating albumin and therefore increased 
free drug concentration. For medications that have a large 
percentage bound to albumin, diseases that decrease the 
concentration of albumin increase the free fraction of 
the active medication, resulting in a much greater effect of 
the medication. Propofol is primarily eliminated via renal 
excretion (88%), and therefore hepatic injury minimally 
affects metabolism. Ketamine, while metabolized in the 
liver, is not usually affected by liver disease. Therefore, the 
metabolism of ketamine is minimally affected by liver dis-
ease. Serum opiate concentration is a balance of hepatic 
clearance and protein binding that determines the over-
all effect of the opiate. Most opiates are oxidized in the 
liver, except remifentanil. Remifentanil is metabolized 
by plasma and tissue esterases. The enzymes are mature in 
term neonates and are minimally affected in patients with 
liver disease. Midazolam’s has a high hepatic extraction 
ratio and therefore the drug’s clearance rate is dependent on 
hepatic blood flow. In patients with cirrhosis, the clearance 

of midazolam is half of healthy controls. As a result, the 
half-life of the drug is doubled and has a prolonged effect 
in patients with liver disease. Additionally, midazolam 
is 95%–97% bound to albumin in healthy children. In 
patients with liver disease, the decreased concentration of 
albumin increases the active fraction of the drug. With 
decreased metabolism and increased free active drug avail-
able, the effect of midazolam is dramatically prolonged in 
patients with liver disease.

K E Y FAC T S

• Almost all intravenous anesthetics undergo some 
degree of hepatic metabolism through oxidation and 
conjugation.

• In patients with underlying liver disease, many of 
these medications may have altered metabolism due to 
(1) decreased ability to carry out phase I and II reactions 
and (2) decreased circulating albumin and therefore 
increased free drug concentration.

• Propofol is primarily eliminated via renal excretion 
(88%), and therefore hepatic injury minimally affects 
metabolism.

• Ketamine metabolism is not usually affected by liver 
disease.

• Serum opiate concentration is a balance of hepatic 
clearance and protein binding that determines the 
overall effect of the opiate.

• In patients with cirrhosis, the clearance of midazolam is 
half of healthy controls.

references

Dershwitz M, Hoke F, Rosow C, et al. Pharmacokinetics and pharma-
codynamics of remifentanil in volunteer subjects with severe liver 
disease. Anesthesiology. 1996;84:812–20.

Rivera M, Squires R, Davis P. Essentials of hepatology. In:  Cote CJ, 
Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants and 
Children. 5th ed. Philadelphia, PA: Saunders Elsevier; 2013:590–6.

33. ANSWER: A

Obesity is the most common health problem for pedi-
atric patients in the United States, and the prevalence 
is rapidly increasing. As of May 2013, the CDC estimated 
that 16.9% of children aged 2 to 19 years are obese. The 
most recent recommendations from the CDC suggest using 
body mass index (BMI) as the most appropriate and easi-
est available method to determine obesity. BMI is calcu-
lated by taking a child’s weight in kilograms divided by 
the height in meters squared. The CDC defines obesity as 
a child whose BMI (kg/m2) was equal to or greater than 
the 95th percentile on the sex- and age-specific 2000 CDC 
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growth charts. Children with a BMI greater than 30 are 
considered obese, while patients with a BMI great than 40 
are considered morbidly obese. Children with morbid obe-
sity are at increased risk for problems similar to their adult 
counterparts. These include psychological problems, 
hypertension, hypercholesterolemia, diabetes mellitus, 
obstructive sleep apnea, coronary artery disease, and 
hepatitis. Obese children are more likely to be admitted to 
the hospital and are often associated with a need for surgery. 
Examples of surgeries that bariatric patients may require 
include slipped epiphysis repair, cholecystectomy for gall-
stones, bariatric surgery, and tonsillectomy for obstructive 
sleep apnea.

K E Y FAC T S

• Obesity is the most common health problem for 
pediatric patients in the United States and the 
prevalence is rapidly increasing.

• As of May 2013, the CDC estimated that 16.9% of 
children aged 2 to 19 years are obese.

• BMI is calculated by taking a child’s weight in kilograms 
divided by the height in meters squared.

• Children with a BMI greater than 30 are considered 
obese, while patients with a BMI great than 40 are 
considered morbidly obese.

• Children with morbid obesity are more likely 
to have psychological problems, hypertension, 
hypercholesterolemia, diabetes mellitus, obstructive 
sleep apnea, coronary artery disease, and hepatitis.
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34. ANSWER: C

Biliary atresia is characterized by an obstruction to 
the extrahepatic bile duct, resulting in obstructed bile 
flow. The post-natal form of biliary atresia accounts for 
65%–90% of cases, while the remaining cases are associ-
ated with other congenital anomalies, most commonly 
situs inversus with polysplenia/asplenia. The incidence 
is 1:10,000–15,000 per live births in the United States. 
The palliative procedure is a hepatic portoenterostomy 
(Kasai procedure) that has demonstrated a survival rate at 
2-, 5-,10-, and 15-year survival at 57.1%, 32.9%, 32.4%, and 
28.5% in a study on 695 patients. However, patients who 

were operated on before 60 days of life, 10-year survival was 
70%. Complications of the surgical repair include cholan-
gitis (50%), portal hypertension (60%), and fat-soluble 
vitamin deficiency. If the Kasai fails, secondary cirrhosis 
may develop and later hepatocellular carcinoma (HCC). 
Many of these patients eventually develop complete liver 
failure and must undergo liver transplantation for sur-
vival. However, HCC and end-stage liver disease are not 
direct complications from the procedure. Patients who have 
undergone the Kasai procedure are at increased risk for 
fat-soluble vitamin deficiency, not water-soluble vitamin 
deficiency.

K E Y FAC T S

• Hepatic portoenterostomy (Kasai procedure) is a 
palliative procedure for biliary atresia, characterized by 
obstruction to the extrahepatic bile duct.

• Complications of the surgical repair include cholangitis, 
portal hypertension, and fat-soluble vitamin deficiency.

• If the Kasai fails, patients may develop secondary 
cirrhosis, HCC, and end-stage liver disease.
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35. ANSWER: A

Gastric bypass and laparoscopic adjustable gastric banding 
have been performed in adult patients for several decades. 
However, there is increasing demand for these procedures 
on morbidly obese teenagers in hopes of preventing the 
long-term obesity-related morbidities, which were men-
tioned earlier. Pediatric patients undergoing bariatric 
banding should undergo thorough psychologic and 
medical evaluation, as well as behavior modification, 
prior to surgery. Several small studies in the past decade 
have demonstrated that the laparoscopic gastric banding is 
relatively safe and many of the obesity-related morbidities 
can be reversed. One study of 11 adolescents (2003) aged 
11–17 years old who underwent lap-banding demonstrated 
a decrease in BMI from 46.6 to 32.1 kg/m2. For children 
undergoing bariatric surgery, many have very similar risks 
to morbidly obese patients and adult patients undergoing 
bariatric surgery. As with all morbidly obese patients, the 
risk for aspiration is very high due to large gastric vol-
umes and low pH. Morbidly obese patients also have a 
high incidence of GER. Anesthesiologists may consider 
treating the patients with an H

2
-receptor antagonist, a 

nonparticulate antacid, or metoclopramide 60–90 minutes 
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prior to induction. Obese patients are often at increased 
risk for hypoxemia after induction, intraoperatively 
or postoperatively. After induction, many obese patients 
become hypoxemic in the supine position despite adequate 
pre-oxygenation due to upper airway obstruction and a 
diminished FRC. Tracheal intubation should be consid-
ered for most obese patients undergoing general anesthesia 
due to the increased risk of aspiration, difficult mask ven-
tilation/intubation, and obstructive sleep apnea. Many 
anesthesiologists will choose a rapid sequence induction, 
an awake fiberoptic intubation, or at least the availability 
of a difficult airway cart. Most obese patients undergoing 
laparoscopic gastric banding do not require postoperative 
ventilation if the patient does not have other significant 
morbidities such as cardiac disease or respiratory disease. 
Patients are sometimes extubated to CPAP or biPAP if 
necessary. The anesthesiologist must choose an anesthetic 
that will not cause hypoventilation or airway obstruc-
tion postoperatively. Some anesthesiologist will choose to 
use an insoluble inhalational agent, minimal narcotics, and 
maximize local anesthetic for pain management, includ-
ing infiltration or regional techniques. As many medica-
tions are fat soluble and patients with morbid obesity have 
increased volumes of distributions, medication doses and 
fluid administration should be based on ideal body weight. 
Obese surgical patients are at high risk for the development 
of thromboembolism. One study estimated a 5% incidence 
of pulmonary emboli after laparotomy in obese patients. 
The risk can be reduced with the use of pneumatic compres-
sion boots and/or lovenox or heparin postoperatively.

K E Y FAC T S

• Morbidly obese patients have a high risk for aspiration 
due to large gastric volumes and low pH.

• Morbidly obese patients have a high incidence of GER.
• Morbidly obese patients have an increased risk 

for hypoxemia after induction, intraoperatively or 
postoperatively due to upper airway obstruction and a 
diminished FRC.

• Medications doses and fluid administration should be 
based on ideal body weight.

• Obese surgical patients are at higher risk for the 
development of thromboembolism.
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36. ANSWER: A

Gastroesophageal reflux (GER) involves a dysfunction of 
the sphincter that prevents gastric contents from return-
ing to the esophagus. GER may be secondary to (1)  an 
immature lower esophageal mechanism, (2)  patients 
who are neurologically compromised, and (3)  patients 
with prior history of GI surgery of dysfunction, includ-
ing diaphragmatic hernia, tracheoesophageal fistula, or 
esophageal atresia repair. Symptoms in pediatric patients 
may range from asymptomatic to severe esophagitis, mal-
nutrition, or respiratory complications. Respiratory 
complications occur from long-standing gastric contents 
and food entering the lung. As a result, these patients often 
have underlying reactive airway disease, chronic aspira-
tion pneumonitis, and problems with bronchospasm 
under anesthesia. These patients are not at increased risk 
for developing laryngospasm when compared with healthy 
patients. While many patients that have GER are neurode-
velopmentally delayed and therefore may take antiepileptic 
medications that prolong neuromuscular blockade, this is 
not due to GER. While patients with GER may have neu-
rologic or respiratory problems that delay emergence, this is 
not directly related to GER.

K E Y FAC T S

• GER may be secondary to (1) an immature lower 
esophageal mechanism, (2) patients who are 
neurologically compromised, (3) patients with prior 
history of GI surgery of dysfunction, including 
diaphragmatic hernia, tracheoesophageal fistula, or 
esophageal atresia repair.

• Symptoms in pediatric patients may range from 
asymptomatic to severe esophagitis, malnutrition or 
respiratory complications.

• Patients with GER often have underlying reactive airway 
disease or chronic aspiration pneumonitis, which places 
them at increased risk for developing bronchospasm 
under anesthesia.
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8.

R ENA L A ND UR INA RY SYSTEM

Amy E. Vinson

1. You are caring for a 3-day-old neonate who was born 
at 29 weeks gestational age by cesarean section for 
severe oligohydramnios not caused by an amniotic fluid 
leak. The infant is noted to have large, low-set, floppy 
ears as well as a very small mouth. Which of the follow-
ing imaging tests is most likely to be normal?

A. Echocardiogram
B. Renal ultrasound
C. Skeletal survey
D. Hip ultrasound

2. In the embryologic development of the urogenital 
system, which of the following structures is separated 
by the urorectal septum into the urogenital sinus and 
the rectum?

A. Urachus
B. Cloaca
C. Allantois
D. Bladder

3. A full-term newborn infant is found to have lost 6% 
of its birth weight on day of life 2. Compared to adult 
values, this normal physiologic finding is best explained 
by the neonate’s:

A. Increased ability to excrete potassium
B. Decreased renal concentrating ability
C. Increased fractional excretion of sodium
D. Increased glomerular filtration rate

4. Which of the following medications or classes of 
medications, when taken by the mother, is most likely to 
impact renal development in the fetus?

A. Selective seretonin reuptake inhibitors (SSRIs)
B. Angiotensin-converting enzyme inhibitors (ACE 

inhibitors)

C. Beta-adrenergic antagonists (beta blockers)
D. Tetracycline

5. Which of the following is the most likely etiol-
ogy of acute kidney injury in a previously healthy 
15-year-old girl?

A. Rapidly progressive glomerulonephritis (RPGN)
B. Renal vein thrombosis
C. Vesicoureteral reflux
D. Hemolytic uremic syndrome

6. You are caring for a neonate in the operating room 
for placement of a dialysis catheter. The infant was diag-
nosed in utero with polyhydramnios, developed renal 
failure shortly after birth, and is now requiring dialysis 
for severe volume overload and electrolyte instability. 
Which of the following causes is most likely the cause 
of renal failure in this patient?

A. Prune belly syndrome
B. Posterior urethral valves
C. Sacrococcygeal teratoma
D. Sepsis

7. You are caring for a 4-month-old male infant who 
presents for correction of his hypospadias. Which 
of the following is most commonly associated with 
hypospadias?

A. An abnormal opening of the urethra on the dorsal 
side of the penis

B. A chordee, or abnormal curvature of the penis
C. Other congenital anomalies
D. An abnormal cleft extending from the glans to the 

perineum

8. Which of the following conditions is most commonly 
associated with cryptorchidism?
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A. Prune belly syndrome
B. Umbilical hernia
C. Volvulus with malrotation
D. Phimosis

9. Which of the following best characterizes uretopelvic 
junction (UPJ) obstruction?

A. Most cases are bilateral.
B. UPJ obstruction is far more common on  

the left.
C. UPJ obstruction leads to dilated ureters.
D. UPJ obstruction cannot be discovered in utero.

10. A 16-year-old, previously healthy male presents to 
the emergency department with the sudden onset of 
severe lower abdominal pain, left scrotal pain, and eme-
sis. He describes a history of brief intermittent scrotal 
pain in the past, but this is the first time the pain has 
not abated in minutes. This episode began 1 hour prior 
while having dinner at a fast food restaurant. He is afe-
brile and color Doppler ultrasound in the emergency 
department demonstrates severely decreased blood 
flow in the left testicle. The most appropriate next 
step is to:

A. Obtain an emergent computed tomography (CT) 
scan of the pelvis.

B. Proceed immediately to the operating room with 
planned rapid sequence induction.

C. Obtain a blood culture prior to antibiotic dosing.
D. Proceed to the operating room once the patient is 

appropriately fasted.

11. You are caring for a 3-year-old girl with grade 3 vesi-
coureteral reflux (VUR). Which of the following best 
characterizes VUR?

A. VUR is caused by a stricture in one or both of the 
ureters.

B. VUR is present in 30%–40% of children with 
febrile urinary tract infections.

C. Most cases of VUR occur in males.
D. Primary VUR is caused by a valve at the origin of 

the urethra.

12. Ureteral reimplantation improves vesicoureteral 
reflux by:

A. Relieving the obstruction to flow located at the 
junction of the ureter and bladder

B. Resecting the area of stricture within the distal 
portion of the ureter

C. Creating a functional antireflux valve at the origin of 
the ureter just past the renal pelvis

D. Creating a functional antireflux valve at the junction 
of the ureter and bladder

13. A 4-week-old male infant presents for a single staged 
repair of a classic bladder extrophy. Which of the fol-
lowing is the most appropriate for use throughout the 
intraoperative course?

A. Tunneled caudal epidural catheter
B. Femoral vein central venous line
C. Saphenous peripheral intravenous catheter
D. Foley catheter

14. A  3-year-old boy is undergoing a staged repair for 
classic bladder extrophy. Which of the following is a 
component of the staged repair?

A. Stenting of the reconstructed urethra utilizing a red 
rubber catheter

B. Delayed bladder closure at approximately 
6 months of age

C. Pelvis osteotomy to create a pubic symphysis
D. Initial bladder neck reconstruction during 

neonatal period

15. Which of the following represents the most common 
cause of end-stage renal disease in pediatric patients 
undergoing renal transplantation?

A. Renal aplasia/dysplasia
B. Focal segmental glomerulosclerosis
C. Prune belly syndrome
D. Polycystic kidney disease

16. You are caring for a 14-year-old, 67 kg female under-
going a living-related donor renal transplant for focal 
segmental glomerulosclerosis, prior to her needing 
dialysis for her condition. Which of the following is 
most essential for her anesthetic?

A. Central venous access utilizing the subclavian approach
B. Large-bore intravenous access
C. Placement of an arterial catheter
D. Avoidance of nondepolarizing muscle relaxants that 

require renal metabolism

17. What is the most common presentation of a 
Wilms tumor?

A. Painful pelvic mass in a 13-year-old girl at menses
B. Unrelenting abdominal pain in a 3-year-old child
C. Unexplained renal failure in a 9-year-old boy 

presenting with diarrhea
D. Painless abdominal mass noted in a 2-year-old boy at 

bath time
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chaPter 8  ansWers

1. ANSWER: A

This infant likely has Potter’s sequence (also known as 
oligohydramnios sequence), which is a consequence of 
prolonged oligohydramnios and the resultant cramped 
fetal environment. Oligohydramnios, or an abnormally 
low level of amniotic fluid, can be caused by either losses 
(e.g., chronic amniotic fluid leak) or decreased production. 
By mid gestation the great majority (~90%) of amniotic 
fluid is produced by the fetal kidneys; thus, in situations 
where there is oligohydramnios and no amniotic fluid leak, 
one must logically suspect either structural or functional 
renal abnormalities. It can occur in conditions such as 
bilateral renal agenesis (BRA), obstruction of the uri-
nary tract, autosomal recessive polycystic kidney dis-
ease (ARPKD), autosomal dominant polycystic kidney 
disease (ADPKD) (in rare cases), and renal hypoplasia. 
Many clinicians feel that Potter’s sequence rather than 
Potter’s syndrome is a more appropriate terminology since 
Potter’s sequence is not technically a syndrome, as it does 
not collectively present with the same characteristics and 
symptoms in every case. It is more accurately described as a 
“sequence” or chain of events that may have different begin-
nings (absent kidneys, cystic kidneys, obstructed ureters, or 
other causes) but which all end with a similar conclusion.

The Potter’s sequence is characterized by various 
developmental anomalies caused by external compression 
during fetal growth. They demonstrate the typical facies 
of an infant whose developing face has been compressed 
by the uterine wall:  micrognathia, low-set ears that are 
floppy from a lack of cartilaginous development, a 
flat nasal bridge, and eyes that are widely set (orbital 
hypertelorism). These infants also have other typical mus-
culoskeletal features caused by external compression: sco-
liosis, hip dysplasia, torticollis, and clubfeet. Due to the 
pulmonary hypoplasia that can occur in this condition, 
infants are also at risk for pneumothorax in the first few 
hours of life.

In this situation, one must highly suspect a renal 
anomaly, which would be elucidated via renal ultrasound. 
A skeletal survey may show scoliosis, and a hip ultrasound 
may show hip dysplasia. There is no indication that there are 
any intracardiac abnormalities, and oligohydramnios alone 
does not lead to developmental abnormalities of internal 
organs. Therefore, of the studies listed, an echocardiogram 
is the one most likely to be normal.

K E Y FAC T S

• Potter’s sequence (also known as oligohydramnios 
sequence) is a consequence of prolonged 
oligohydramnios and therefore cramped fetal 
environment.

• It is characterized by micrognathia, low-set floppy ears, 
flat nasal bridge, widely set eyes, scoliosis, hip dysplasia, 
torticollis, clubfeet, and pulmonary hypoplasia.
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2. ANSWER: B

During the 5th week of fetal development, the structures 
that are to become the mature kidneys and collecting 
systems begin to form. The mesonephric ducts give rise 
to paired ureteric buds, which are diverticula that will ulti-
mately become the renal collecting tubules and ureters. The 
calices and collecting tubules emerge from the ureteric buds 
as they elongate in their development; as development con-
tinues, the collecting system continues to branch into its 
eventual adult organization. One end of the bud pierces the 
metanephric mass, which will eventually become the mass 
of the kidney itself.

Early in fetal development, at the base of the hindgut, 
the cloaca forms as the common opening of the urogeni-
tal system and the caudal end of the gut. Cloaca is Latin 
for “sewer.” The urorectal septum further divides the clo-
aca into the urogenital sinus and the rectum. The bladder 
then arises from the urogenital sinus. The caudal ends of the 
mesonephric ducts, which will eventually become the 
ureters, join the bladder to form the trigone. Very rarely, an 
infant will be born without the division of the cloaca having 
occurred. They are logically diagnosed with a “cloaca” and 
will require multiple complex reconstructive operations in 
order to attain more normal functioning.

Early in bladder development, it is contiguous with a 
structure called the allantois, which empties into the clo-
aca. The allantois eventually constricts to become the ura-
chus and ultimately closes off and can be found vestigially 
in adults as the median umbilical ligament.

There are many points at which this development can 
be interrupted, and these perturbations lead to some of the 
more common congenital renal abnormalities. In the case 
of renal agenesis, the ureteric bud either does not reach the 
metanephric mass or a dysplastic kidney involutes. If the 
ureteric bud divides, a duplicated collecting system forms. 
If the end of the ureteric bud that pierces the metaneph-
ric mass fails to induce nephrogenesis, severely dysplastic 
kidneys arise.
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K E Y FAC T S

• The structures destined to become the kidneys and 
collecting systems begin to form in the 5th week of fetal 
development.

• The cloaca forms as the common opening of the 
urogenital system and the caudal end of the gut.
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3. ANSWER: C

Renal development begins early in fetal life, but it does 
not attain full maturation until roughly 2  years of 
age. Glomerular filtration is initially low in newborn 
full-term infants and, while it rises rapidly within the first 
few weeks of postnatal life, it does not reach full adult lev-
els until 18–24 months of age.

In addition to the global function of glomerular filtra-
tion, solute loads are handled differently in the neonatal 
kidney. Fractional excretion of sodium is initially quite 
high, especially in preterm neonates who are susceptible 
to significant salt wasting. In fact, this loss of sodium and 
subsequent free water can lead to an initial weight loss over 
the first few days of life when oral intake (and therefore 
sodium intake) is reduced. Generally a weight loss of up 
to 10% is acceptable for otherwise healthy term newborns, 
but it is expected that this weight will be regained by a week 
to 10 days as the infant begins to take a larger solute load 
by mouth.

Neonates have a decreased ability to excrete potas-
sium, which places them at increased risk for hyperka-
lemia from exogenous sources (TPN, formula, and blood 
transfusions).

Infants are born with the ability to excrete the same 
minimum concentration of urine as their adult counter-
parts, but they have a decreased concentrating ability that 
is not fully developed until early childhood. Although 
Answer B is true, it does not explain the initial weight loss 
seen in healthy term newborns.

K E Y FAC T S

• Glomerular filtration is initially low in newborns; it 
reaches full adult levels by 18–24 months of age.

• Fractional excretion of sodium in preterm neonates 
is initially quite high, making them susceptible to 
significant salt wasting.

• Neonates have a decreased ability to excrete potassium, 
which places them at increased risk for hyperkalemia 
from exogenous sources.
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4. ANSWER: B

The fetus can be exposed to a wide array of toxins and 
teratogens during development, many of which have pre-
dictable and often profound consequences.

SSRIs are one of the more commonly prescribed 
medications being taken by parturients. As such, much 
attention has been given to the potential adverse outcomes 
associated with the use of such agents during fetal develop-
ment. Several outcomes have been postulated, including 
withdrawal states after birth, autism, poor weight gain, con-
genital anomalies, and pulmonary hypertension. In 2006, 
a population-based study found that fetal exposure to 
SSRIs increased the infant’s chances of low birth weight 
(<10th percentile) and increased the infant’s chances of 
neonatal respiratory distress. This study used women 
with depression not being treated pharmacologically as its 
control group.

The fetus, infant, and young child have higher lev-
els of renin that peak in the early neonatal period. These 
high levels lead, in turn, to high levels of angiotensin II, 
which has a strong impact on the development of the renal 
system. If the production of angiotensin II is blocked 
(by ACE inhibitor medications) in the second and third 
trimesters, the fetus can experience dysgenesis of the 
kidneys, oligohydramnios, and even subsequent pul-
monary hypoplasia.

While beta-adrenergic blockade has been associated 
with mild intrauterine growth restriction, there is no 
indication that it increases the risk of fetal malformation 
or dysgenesis. Beta blockers are one of the more commonly 
used agents for treating maternal hypertension during preg-
nancy, but many advocate for the use of nifedipine instead 
due to the decrease in intrauterine growth restriction and 
apparent safety profile.

Tetracycline is one of the more notorious teratogens 
and, in fact, most prescribers require women taking tetra-
cycline to also be on a reliable form of birth control. While 
the teratogenic effects are wide, the most commonly cited 
effects are defects in skeletal and dental growth, limb 
malformations, and cataracts.
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K E Y FAC T S

• Intrauterine SSRI exposure outcomes have been 
postulated, including withdrawal states after birth, 
autism, poor weight gain, congenital anomalies, and 
pulmonary hypertension.

• Exposure to ACE inhibitors in the second and third 
trimester can lead to dysgenesis of the kidneys, 
oligohydramnios, and pulmonary hypoplasia.

• Tetracycline is one of the more notorious teratogens; the 
most commonly cited effects are defects in skeletal and 
dental growth, limb malformations, and cataracts.
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5. ANSWER: A

As with any incident of acute kidney injury (AKI), an orga-
nized approach to prerenal, intrinsic renal, and postrenal 
causes should be used. However, in the pediatric popula-
tion, the age at onset can also help delineate the cause 
of AKI.

Rapidly progressive glomerulonephritis (RPGN), 
as its name indicates, is a severe and rapidly progressive 
form of glomerular injury by definition destroying at least 
half of the glomeruli within weeks to months via an inflam-
matory process. The pathophysiology in the pediatric age 
group is most likely lupus glomerulonephritis or IgA 
nephropathy, and this illness tends to occur in older chil-
dren and adolescents. It is not uncommon for these chil-
dren to ultimately develop chronic renal insufficiency with 
the requirement of dialysis and renal transplantation.

Renal vein thrombosis is a cause of AKI, and it is most 
commonly seen in the neonatal population. It would be 
unusual for an otherwise healthy teenager to have renal vein 
thrombosis severe enough to cause AKI.

Vesicoureteral reflux is the flow of urine in a ret-
rograde manner across the uretovesicular junction. 
Its severity is classified by the degree of reflux, which is 
determined radiographically. These children will generally 
be on low-dose antibiotic prophylaxis until the condition 

spontaneously resolves or until it is surgically corrected. The 
main reason for prophylaxis is to prevent renal scarring that 
can occur with repeated infections.

Hemolytic uremic syndrome is an often severe early 
childhood illness, which is classically initiated by a sys-
temic reaction to the toxin found in E.  coli H:0157 
gastroenteritis. It is characterized by hematuria, micro-
angiopathic hemolytic anemia, thrombocytopenia, and 
ultimately renal failure. This illness is one of the main 
reasons why antibiotics are not recommended in pediatric 
cases of gastroenteritis. If antibiotics are given to children 
infected with E. coli H:0157, the bacterial death leads to a 
sudden and profound release of toxins, which can dramati-
cally increase the severity of illness. These children often 
require monitoring in an intensive care unit. They fre-
quently require dialysis as a result of uremia causing altered 
mental status.

K E Y FAC T S

• In the pediatric population, the age at onset can help 
delineate the cause of AKI.

• RPGN is a severe and rapidly progressive form of 
glomerular injury, destroying at least half of the 
glomeruli within weeks to months in older children and 
adolescents.

• Renal vein thrombosis is a cause of AKI most commonly 
seen in the neonatal population.

• Hemolytic uremic syndrome is an often severe early 
childhood illness, classically a systemic reaction to the 
toxin found in E. coli H:0157. It is characterized by 
hematuria, microangiopathic hemolytic anemia, 
thrombocytopenia, and renal failure.
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6. ANSWER: D

There are many etiologies for renal failure in neonates, and 
they can be organized into prerenal, renal, and postrenal 
or obstructive causes. In the neonate, prerenal causes 
include hypovolemia from any cause, cardiac failure, or 
any other hypoperfusion state and rarely hepatorenal 
syndrome. Intrinsic renal causes are varied and include 
developmental abnormalities of the renal parenchyma as 
well as drug toxicity and abnormalities of blood supply. 
Obstructive causes tend to be anatomical abnormalities 
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of the collecting system and include uteropelvic junction 
obstruction, posterior urethral valves, prune belly syn-
drome, ureteroceles, and rarely tumors.

This patient’s clinical picture of renal failure is unlikely 
a postrenal cause since the prenatal ultrasound showed 
polyhydramnios, which is a medical condition describing 
an excess of amniotic fluid in the amniotic sac. It is seen 
in about 1% of pregnancies. One cause is maternal dia-
betes mellitus, resulting in fetal hyperglycemia and poly-
uria. Fetal anomalies that impair the ability of the fetus 
to swallow include gastrointestinal abnormalities such as 
esophageal atresia, duodenal atresia, facial cleft, neck 
masses, tracheoesophageal fistula, diaphragmatic her-
nias, annular pancreas, and Bochdalek’s hernia. Fetal 
renal disorders that result in increased urine production 
during pregnancy include antenatal Bartter syndrome. 
Neurological abnormalities may also lead to polyhydram-
nios and include anencephaly, which impairs the swal-
lowing reflex, chromosomal abnormalities (such as Down 
syndrome and Edwards syndrome), skeletal dysplasia, 
and dwarfism.

A common etiology for acute renal failure in new-
borns is an acute insult such as sepsis or perinatal hypoxic 
ischemic injury. The acute renal failure is usually revers-
ible and the need for acute dialysis is uncommon, but it 
may be required for a short period to support renal func-
tion in expectation of recovery. This is usually started after 
appropriate discussion between the neonatologist and the 
nephrologist.

Prune belly syndrome is also referred to as “triad syn-
drome” or “Eagle-Barrett syndrome” and consists of absent 
or decreased abdominal musculature, undescended tes-
ticles, and abnormalities of the urinary tract. The etiol-
ogy is not fully understood, but it is thought that severe 
urethral obstruction occurs early in fetal life, leading to 
the subsequent abnormalities. These patients present with 
varying degrees and locations of urinary tract dilations. 
As these abnormalities can lead to dysgenesis of both the 
kidneys and the lungs, the prognosis depends on the degree 
of these perturbations. On fetal ultrasound, patients fre-
quently display vesicoureteral reflux and hydronephrosis 
with oligohydramnios.

While rare, sacrococcygeal teratomas are one of the 
more common tumors found in newborn infants. They are 
usually benign, but they can certainly exert mass effects 
that can significantly impact the neonate’s clinical presenta-
tion, including hydronephrosis and obstructive uropathy 
caused by compression at the level of the ureters or urethra, 
and oligohydramnios.

Posterior urethral valves cause varying degrees of 
obstruction and can be found between the prostatic ure-
thra and the external urinary sphincter. Many of these 
cases are detected by fetal ultrasound, due to the enlarged 
and thickened bladder, hydronephrosis, and oligohy-
dramnios. In severe cases, pulmonary hypoplasia can 

ensue. The treatment is either surgical or with balloon dila-
tion, and the timing of this is predicated on the degree of 
obstruction and overall health of the infant.

K E Y FAC T S

• Prerenal causes of renal failure in the neonate include 
hypovolemia, cardiac failure, sepsis, or any other 
hypoperfusion state.

• Intrinsic renal causes in the neonate are varied and 
include developmental abnormalities of the renal 
parenchyma as well as drug toxicity and abnormalities of 
blood supply.

• Obstructive causes in the neonate tend to be anatomical 
abnormalities of the collecting system and include 
uretopelvic junction obstruction, posterior urethral 
valves, prune belly syndrome, ureteroceles, and rarely 
tumors.

• Polyhydramnios can be caused by fetal anomalies, 
resulting in an impairment of the fetus to swallow the 
amniotic fluid or an increased production of amniontic 
fluid by the fetal kidneys.

• Oligihydramnios can be caused by a postrenal 
obstruction from sacrococcygeal teratomas, posterior 
urethral valves, or prune belly syndrome.
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7. ANSWER: B

Hypospadias repair is one of the more common procedures 
for a pediatric urologist and therefore one of the more 
common cases for a pediatric anesthesiologist. By defini-
tion, hypospadias occurs when the urethra has an abnor-
mal opening on the ventral side of the penis and it can 
occur anywhere from the glans of the penis all the way 
to the perineum. As one can imagine, repairs done for 
hypospadias at the level of the perineum are far more rare 
and complex than those done at the level of the glans. Such 
repairs often are done in stages instead of a single repair 
and require tissue grafts. Fortunately, a great majority of 
the cases occur either on the glans or at the distal end of 
the penis.
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Hypospadias involves the ventral opening of the ure-
thral meatus as well as the ventral curvature of the penis 
(chordee), which is corrected during the surgical repair.

This congenital abnormality does not seem to have any 
strong associations with other major congenital abnormali-
ties, but infants with hypospadias do tend to have higher 
rates of inguinal hernia and cryptorchordism, so a care-
ful examination should be performed. There is also an 
association with low birth weight. These are generally well 
infants with no significant comorbidities.

Repair is recommended at an early age while still in 
infancy for several reasons. Tissue healing seems to be faster 
with fewer complications at an early age. Additionally, early 
repair can often prevent the issues of psychosexual develop-
ment occurring with penile congenital anomalies.

The anesthetic for a hypospadias repair can vary widely 
with regional practices. General anesthesia with a laryngeal 
mask airway or endotracheal tube is common practice, and 
pain control can be accomplished with a regional technique 
(caudal or penile block).

K E Y FAC T S

• Hypospadias involves both a chordee (ventral curvature 
of the penis) as well as the ventral opening of the meatus.

• The definition of hypospadias involves an abnormal 
ventral opening of the urethra—it can occur anywhere 
from the glans to the perineum.

• Infants with hypospadias tend to have higher rates of 
inguinal hernia and cryptorchordism.
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8. ANSWER: A

Cryptorchidism is the state of having undescended tes-
ticles (UDTs) either on one side or both. It is often diag-
nosed in the newborn nursery, as palpation of the scrotal 
sacs for presence of testicles is a standard component of 
a thorough newborn examination. This is a very com-
mon condition affecting up to 2% of full-term newborn 
males. It is important to diagnose early because failure 
to repair can lead to testicular degeneration, infertil-
ity, testicular torsion, and even unrecognized germ cell 
tumors.

There are several conditions associated with cryptorchi-
dism, including gastroschisis, posterior urethral valves, 
and the prune belly syndrome. In fact, the prune belly 

syndrome is also known as the “triad syndrome” due to the 
combination of urologic abnormalities, cryptorchidism, 
and malformed abdominal musculature.

Cyrptorchidism is usually unilateral (and usually 
on the right), but in about one third of cases it occurs on 
both sides. The treatment is orchidopexy, or the fixation 
of the testicle into the scrotum. This can be accomplished 
through an inguinal incision or laparoscopically, depend-
ing on the suspected location of the undescended testicle. 
Often the testicle will be found within the inguinal canal, 
but sometimes it is intra-abdominal and more difficult to 
locate. Once located, the length of the testicular vessels will 
determine whether the procedure can be completed in a 
single surgery or if a staged approach is required to draw the 
testicle into the base of the scrotum. In a staged procedure, 
there is usually a gap of 1–2 years between procedures in 
order for interval growth to occur.

Commonly, these children are otherwise healthy. The 
general anesthetic can be accomplished using a laryngeal 
mask airway or an endotracheal tube. Pain management 
strategies vary and can include IV narcotics, caudal anes-
thesia, local anesthesia along the incision, and more recently 
transversus abdominis plane blocks.

Phimosis and volvulus do not have a strong associa-
tion with cryptorchidism. Phimosis simply refers to the 
inability to retract the prepuse over the glans of the 
penis; severe cases have implications for hygiene as well 
as sexual function and must be corrected with a circum-
cision. Malrotation with volvulus is a situation arising 
from incomplete rotation of the gut during fetal devel-
opment. It presents usually within the first year of life 
when the blood supply becomes twisted, leading to bowel 
hypoperfusion and an acute abdomen. Umbilical hernias 
are associated with cryptorchidism (~6% in one study), 
but not nearly as strongly associated as with prune belly 
syndrome, where cryptorchidism is a component of the 
diagnosis.

K E Y FAC T S

• Cryptorchidism is usually unilateral on the right but can 
be bilateral in one third of cases.

• Gastroschisis, posterior urethral valves, and prune belly 
syndrome are all associated with cryptorchidism.
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9. ANSWER: B

Uretopelvic junction (UPJ) obstruction is due to a stric-
ture in the ureter that leads to an obstructive uropathy; 
in fact, it is the most common cause of urinary obstruc-
tion in neonates. It is often discovered in utero by the pres-
ence of hydronephrosis without dilated ureters due to 
the location of the stricture. It is usually unilateral with 
the left side being more common than the right.

Despite the increasing numbers of prenatally diag-
nosed suspected UPJ obstruction, it can often be diag-
nosed later. The typical presentation is of a flank mass, 
hematuria, abdominal pain, or urinary tract infec-
tions, which prompt further imaging tests and ultimately 
the diagnosis. The hydronephrosis can be quite significant, 
usually grade 3–4. When suspected prenatally, it is gen-
erally because of the presence of hydronephrosis (usually 
unilateral) but without dilated ureters due to the location 
of the stricture.

As with any instances of severe hydronephrosis, renal 
function can ultimately be impaired, but this does not 
always occur if discovered early enough. Also, since the dis-
ease is usually unilateral, the contralateral kidney should be 
completely normal and therefore renal function is almost 
never significantly impaired.

The surgical approach depends heavily on the surgeons at 
one’s institution, as there is no clear consensus as to the best 
approach to repair. The approach for surgery will certainly 
guide the pain management scheme chosen, but regardless 
of the type of surgery performed, there is little change in 
length of stay following a pyeloplasty. As with many other 
operations, the approach can be either performed open or 
laparoscopically, and some institutions are utilizing robotic 
laparoscopic approaches as well.

These children should undergo the usual preoperative 
evaluation, but they are generally healthy with few comorbid-
ities. Renal failure is rarely an issue, given the usually uni-
lateral nature of the disease. Many anesthesiologists will 
utilize caudal anesthesia as a component of a balanced anes-
thetic, with various adjuncts such as opiates and clonidine.

K E Y FAC T S

• UPJ obstruction leads to an obstructive uropathy, the 
most common obstructive uropathy in neonates.

• UPJ obstruction is usually unilateral with the left side 
being more common than the right.

• Patients with UPJ obstruction are usually otherwise 
healthy and usually have preserved renal function.
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10. ANSWER: B

This adolescent has a testicular torsion, which is a true 
surgical emergency. In order to salvage the ischemic 
testicle, a detorsion must occur within a few hours or 
the testicle will become necrotic and no longer support 
spermatogenesis.

Testicular torsion is the rotation of the testicle on its 
blood supply, which causes venous congestion and ulti-
mately a compromise in arterial blood flow. Once sus-
pected, this condition must be confirmed and addressed 
as quickly as possible in order to salvage the testicle. While 
there is no single diagnostic test, most institutions will use 
a combination of history, examination, and ultrasound 
imaging to confirm the diagnosis. In the case presentation, 
the history, physical exam, and ultrasound examination all 
point toward a testicular torsion, so further imaging is not 
warranted.

Once a diagnosis of testicular torsion is made, the 
patient is brought without delay to the operating room for 
rapid sequence induction and for detorsion as well as fixa-
tion of the testicle within the scrotum. As time is of the 
essence, delaying the operation until the child is appropri-
ately fasted is incorrect. If the testicle is found to be necrotic 
or unviable, it is removed. Generally the contralateral tes-
ticle is also fixated, as it is not uncommon to experience the 
same problem in the other testicle at a later time.

The occurrence of this condition peaks at two dis-
tinct periods. The first is in the neonatal period while the 
testicle is still descending and is therefore far more mobile 
within the scrotum. The other peak occurs during adoles-
cence, presumably due to the rapid growth of the testicles 
during this time period.

The child may present with symptoms other than testic-
ular pain. Referred abdominal pain, nausea, and vomit-
ing are the most typical symptoms. Regarding Answer C, 
there is no indication that this afebrile adolescent is bacte-
remic or suffering from a severe infection, so a blood culture 
is not warranted.

K E Y FAC T S

• Testicular torsion can quickly lead to the death of the 
testicular tissue and is a surgical emergency.

• Testicular torsion peaks in the neonatal period and 
again in adolescence.

• The child may present with symptoms other than 
testicular pain including referred abdominal pain, 
nausea, and vomiting.
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11. ANSWER: B

Vesicoureteral reflux (VUR) is a relatively common pedi-
atric urologic problem and one that can be managed both 
medically and surgically. The most basic definition of VUR 
is the flow of urine retrograde from the bladder up one 
or both of the ureters. VUR has historically been diag-
nosed by a voiding cystourethrogram, in which the bladder 
is filled with radiographic contrast dyed fluid; when the 
child voids, the path of the fluid is captured by X-ray and 
the degree of reflux is used to classify the severity of VUR.

Grade I: Reflux is confined to the ureters, with or with-
out dilation of the ureters.

Grade II: Reflux does reach the renal pelvis, but it does 
not cause dilation in the collecting system.

Grade III: The ureter is mildly to moderately dilated, 
and the collecting system is moderately dilated. The forni-
ces can still be normal.

Grade IV:  The ureter and collecting systems are both 
moderately dilated and the fornices are beginning to show 
some blunting.

Grade V: The ureter is grossly dilated and kinked, and 
the collecting system is dilated. The fornices are also dilated 
with no evidence of papillary impressions. There is also 
intraparenchymal reflux.

VUR is generally suspected when a young child has a 
febrile urinary tract infection (UTI). In fact, studies have 
shown that 30%–40% of young children with febrile 
UTIs have some degree of VUR. There is a large female 
predominance, but boys do suffer from this problem as well.

Management focuses broadly on preventing recurrence 
of UTIs and preventing scarring and damage to the kid-
neys. In the past, treatment was quickly focused on surgical 
correction. In recent years, however, risk stratification has 
allowed a more conservative approach to children with lesser 
degrees of reflux. Depending on the grade of reflux, conserva-
tive management may involve antibiotic prophylaxis or not.

K E Y FAC T S

• VUR is the flow of urine retrograde from the bladder up 
one or both of the ureters.

• Some degree of VUR is present in 30%–40% of children 
with febrile UTIs.

• VUR has a strong female predominance.
• In recent years, a more conservative medical approach to 

select patients with VUR has become standard.

references

Bogaert G, Slabbert K. Vesicoureteral reflux. Eur Urol Suppl. 2012;11:16–24.
Gregory GA, Andropoulos DB, eds. Gregory’s Pediatric Anesthesia. 5th 

ed. Oxford, UK: Wiley-Blackwell; 2012:746–7.
Lebowitz RL, Olbing H, Parkkulainen KV, Smellie JM, 

Tamminen-Mobius TE. International system of radiographic grad-
ing of vesicoureteral reflux. International Reflux Study in Children. 
Pediatr Radiol. 1985;15:105–9.

12. ANSWER: D

When caring for a patient receiving a surgical correction, 
it is important to understand the purpose and mecha-
nism of the repair. Vesicoureteral reflux (VUR) is, by 
its most basic definition, the free flow of urine retro-
grade from the bladder and back up the ureters. As 
described in the previous question, this reflux can occur 
to different degrees, causing flow and dilation to occur at 
varying degrees based on the severity of the reflux. VUR 
is graded as grade I–V, with grade V reflux being the 
most severe with frank dilation of the renal pelvis and 
grade I reflux being the least severe with very little dila-
tion of even the ureter. Furthermore, low-grade reflux 
is more likely to spontaneously resolve and not lead 
to further episodes of urinary tract infections, while 
high-grade reflux will probably not resolve without surgi-
cal correction and will probably lead to recurrent urinary 
tract infections.

The problem lies at the junction of the ureter with the 
bladder. The pathophysiology is not one of an obstruction 
to flow but the lack of a functional antireflux valve. The 
basic principle of ureteral reimplantation surgery involves 
augmenting or altering the junction of the ureter with 
the bladder (uretovesicular junction) so that urine will 
flow easily into the bladder, but not flow retrograde in 
the direction of the kidneys. This has been accomplished 
in many different ways with varying degrees of success. 
Some even advocate for a minimally invasive procedure 
involving the bulking of the area around the uretovesicular 
junction, which has been reported to have a ~90% success 
rate. Higher success rates still occur with open reimplan-
tation repairs where the path of the ureter is lengthened 
within the layers of the bladder. The incision and surgical 
approach will depend on whether the procedure is unilat-
eral or bilateral.

K E Y FAC T S

• VUR is the free flow of urine retrograde from the 
bladder to the ureters, with the severity depending on 
the level the retrograde flow reaches and the degree of 
dilation it causes.

• Ureteral reimplantation involves altering the 
uretovesicular junction to prevent this retrograde flow 
from occuring.

• Low-grade reflux is more likely to spontaneously 
resolve.
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13. ANSWER: A

Bladder extrophy repairs can be some of the most complex 
and lengthy surgical repairs undertaken in children, and this 
is especially true of single-staged repairs. These repairs will 
involve multiple position changes, particularly of the lower 
extremities, and will also involve changes from prone 
to supine position. This is one of the main reasons why 
lower-extremity venous access, such as saphenous periph-
eral intravenous catheters and femoral vein central lines, is 
much less desirable than upper-extremity access. Due to 
the length of the procedures and extensive fluid shifts antic-
ipated, multiple upper-extremity PIVs are prudent. In addi-
tion, an upper-extremity arterial catheter is quite useful for 
monitoring electrolyte levels, oxygenation, ventilation, and 
fluid status over the long course of the repair.

While a Foley catheter would be useful for monitoring 
adequacy of urine output, this monitor is not possible in this 
condition. Bladder extrophy is essentially a ventral open-
ing from the level of the urethra to the bladder. Therefore, 
when looking upon a child with classic bladder extrophy, 
you will be looking at the posterior wall of the bladder and 
can sometimes even see the openings of the paired ureters. 
This is where urine output from the kidneys will emerge and 
ultimately leave the surgical field via suction and sponges. 
Toward the end of the repair, the surgeons will place a Foley 
catheter as a form of a stent in the newly formed urethra and 
one can often begin measuring urine output at this point.

The repair is generally delicate and much care must be 
taken to ensure that the infant is comfortable and immobile 
postoperatively. One excellent method of ensuring infant 
comfort is a caudal epidural. A caudal epidural can also be 
utilized intraoperatively to decrease the depth of anesthesia 
required for the long intraoperative course, but it must be 
tunneled so it is not in the surgical field.

K E Y FAC T S

• Classic bladder extrophy is an abnormal ventral opening 
extending from the urethra to the bladder.

• Postoperative care after a bladder extrophy repair should 
include adequate pain control to prevent excessive 
movement and disruption of delicate suture lines.
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14. ANSWER: C

Bladder extrophy can have a wide range of severity, from a 
simple epispadias in a male patient to complete exposure 
of the bladder and hind gut (termed cloacal extrophy) to 

the external environment. This presents a therapeutic chal-
lenge to the surgical and anesthetic team, and many approaches 
have been made. In some situations, a single-staged approach 
to repair of classic bladder extrophy has been performed, but 
increased complication rates have been reported. For this rea-
son, the staged approach to repair is now often undertaken.

In classic bladder extrophy, there is an exposure of the 
bladder mucosa as it protrudes through the abdominal 
wall. In addition to this extrusion is the nonunion of the 
pelvic rami and rectus muscles, a clitoral cleft in females 
and a complete epispadias with chordee in males.

With so much exposed mucosa, fluid loss and infec-
tion risk are the driving forces for the early closure of the 
bladder. During this first stage of the procedure, the blad-
der is closed, the abdominal wall is closed, and the pelvic 
rami are brought together via pelvic osteotomies in order 
to create a pubic symphysis. Following this, the children are 
completely incontinent because there is no external urinary 
sphincter. This lack of continence is addressed somewhere 
between 3 and 6 years of age, when the bladder neck is 
reconstructed in an attempt to create a functional exter-
nal urinary sphincter. For boys, the epispadias (and chor-
dee) is usually corrected in between these two procedures.

These children are known to be at risk of latex allergy, 
and therefore they should be cared for in a latex-free envi-
ronment. For this reason, a red rubber catheter would be an 
inappropriate stent following any urethral repair.

With such a complex condition, additional problems 
may arise. For instance, many of these children will also 
have vesicoureteral reflux and hydronephrosis, which can 
be surgically addressed during one of the staged procedures.

K E Y FAC T S

• Bladder extrophy can have a range of presentations 
from a simple epispadias to a complete exposure to the 
external environment of the bladder and hindgut, called 
a cloaca. In addition, there is nonunion of the pelvic 
rami and rectus muscles, a clitoral cleft in females and a 
complete epispadias with chordee in males.

• In the first stage of the procedure, the bladder is closed, 
the abdominal wall is closed, and the pelvic rami are 
brought together via pelvic osteotomies in order to 
create a pubic symphysis.

• The second stage repair occurs between 3 and 6 years of 
age, when the bladder neck is reconstructed in an attempt 
to create a functional external urinary sphincter.

• Early bladder closure is important to minimize fluid 
losses experienced prior to closure.
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15. ANSWER: A

Pediatric renal transplant patients are a very different 
population than adult renal transplant patients. First, 
they tend to be transplanted much earlier than their 
adult counterparts following the institution of renal 
replacement therapy (dialysis). This is because proper 
global renal function is needed for normal growth 
and development, which is generally not a concern with 
their adult counterparts. In fact, around 25% of children 
undergoing renal transplantation do so prior to requiring 
dialysis—so-called preemptive transplantation. In other 
words, children are often transplanted in a state of 
chronic renal insufficiency (CRI), not end-stage renal 
disease (ESRD). The management is therefore different, 
as children undergoing renal transplantation statistically 
have much higher glomeruler filtration rates (GFRs) than 
their adult counterparts.

There is also a difference between the etiologies of 
ESRD among the different age groups. Younger patients 
tend to have higher numbers of anatomical, congeni-
tal, and hereditary conditions leading to their ESRD. 
As patients get older, disorders of inflammation and scle-
rosis start to play a larger role, such as focal segmental 
glomerulosclerosis and the various forms of glomerulone-
phritis. Other sources of ESRD include more rare con-
ditions like prune belly syndrome and hemolytic uremic 
syndrome.

Overall, the most common source of ESRD in the 
pediatric population is the improper formation of the kid-
neys: renal dysplasia and aplasia. This is followed closely 
by conditions of obstructive uropathy.

As in adults, appropriate selection is important for suc-
cessful transplantation. For instance, a child with an auto-
immune renal disease should not be transplanted unless his 
or her autoimmune illness is in a state of quiescence, and a 
child with metastatic cancer will likely not tolerate trans-
plantation successfully.

The age and size of the child is also important, as 
this will determine the surgical approach and subse-
quent anesthetic management. Older and larger children 
will accommodate the traditional approach used in adults 
of placing the kidney in the extra peritoneal space of the 
iliac fossa. However, in smaller children, this is physically 
not possible and the kidney is placed intra-abdominally.

K E Y FAC T S

• Renal dysplasia and aplasia are the most common causes 
of ESRD in the pediatric population.

• The size of the patient determines the location of the 
transplanted kidney: iliac fossa for older children and 
intra-abdominally for smaller children.

references

Gregory GA, Andropoulos DB, eds. Gregory’s Pediatric Anesthesia. 5th 
ed. Oxford, UK: Wiley-Blackwell; 2012:694–7.

Kliegman RM, Stanton B, St. Geme J, Schor N, Behrmann RE, eds. 
Nelson Textbook of Pediatrics. 19th ed. Philadelphia, PA: Saunders 
Elsevier; 2011:1826.

16. ANSWER: B

Renal transplantation is undertaken for pediatric 
patients (neonatal to adolescent) with both end-stage 
renal disease (ESRD) and chronic renal insufficiency 
(CRI). About 25% of the time, pediatric patients receiv-
ing a renal transplant have not yet needed dialysis—this is 
called preemptive transplantation.

Anesthetic management is varied and largely deter-
mined by the clinical scenario. Of the choices listed, each 
of them can be reasonable in certain clinical situations, but 
only one of them is necessary regardless of the clinical his-
tory. Large-bore intravenous access is required in this 
operation due to the potential for sudden blood loss with 
surgical anastamosis as well as for the reliable administra-
tion of crucial immunomodulators and antirejection medi-
cation required intraoperatively.

A central venous catheter can be a useful adjunct 
for several reasons: monitoring of central venous pressure, 
blood draws for laboratory evaluations, and the reliable 
administration of medications, including vasoactive medi-
cations. If a central line is deemed appropriate, care must be 
taken to not jeopordize a vessel that may be needed in the 
future for dialysis if the transplanted kidney is rejected. It is 
best to avoid the subclavian vessels for this reason.

An arterial line can be similarly useful, especially if the 
child has concomitant cardiac or respiratory disease. With 
it, one can more closely monitor blood pressure, fluid sta-
tus, and laboratory values. However, care must be taken to 
avoid sites of prior arterio-venous (AV) shunts and also to 
avoid damage to a vessel that may be required for a future 
AV shunt.

Choice of neuromuscular blocking agents continues 
to be an area of varied clinical practice. This choice will 
certainly depend on the degree of renal dysfunction. Some 
advocate for utilizing cisatracurium for all renal trans-
plants, due to the renal independent Hoffman degrada-
tion of the drug. Others argue that the prolongation of 
the partially renal metabolized nondepolarizing muscle 
relaxants is not sufficient to justify the increased cost of 
cisatracurium.
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K E Y FAC T S

• Pediatric patients are often (25%) transplanted prior to 
initiating dialysis (“preemptive transplantation”).

• If a CVL is deemed necessary for intraoperative 
management for renal transplantation, avoid vessels 
that may be needed for dialysis at a later date such as the 
subclavian vessels.
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17. ANSWER: D

Wilms tumors are also referred to as nephroblastomas and 
represent the most common type of renal neoplasm in 
children. In fact, Wilms tumors make up 5% of all pedi-
atric malignancy diagnoses. Classically, Wilms tumors 
present in toddlers, 75% presenting prior to age 5  years. 
Most are unilateral, but they can on occasion present in 
both kidneys. Usually the tumor remains localized, but 
when it does spread, it usually spreads to the lungs by hema-
togenous seeding.

The presentation of a Wilms tumor can be insidious. 
The most common presenting sign is that of a painless 
abdominal mass, which can be easily appreciated in a 
young child, especially when undressed (like at bath time). 
Because the tumor is located in the retroperitoneum, 
there are fewer anatomic barriers to check growth and the 
tumor can grow to a large size relatively quickly. There are 
other symptoms, like malaise and fever, that can occur, 
but these are not consistent. Because the tumor is usually 

unilateral, renal failure is rarely a concern or presenting 
symptom.

Once diagnosed, the tumor is biopsied for pathology 
and a genotype for the tumor is established. Assuming a 
favorable genotype and a unilateral tumor, full recovery 
is expected. On pathology, children with Wilms tumor 
often have areas of nephrogenic rests, embryonal kidney 
cells that persist postnatally, where differentiation ceased in 
development.

Often these tumors can be quite difficult to resect, 
depending on size and local invasion. These tumors can 
be adherent to adjacent structures, and it is not uncom-
mon for one to invade the inferior vena cava or even travel 
up into the right atrium. For this reason, a thorough pre-
operative evaluation should be undertaken, and if local 
invasion is suspected, intraoperative preparation should 
include large-bore intravenous access, arterial cannulation, 
and ready availability of blood products should hemorrhage 
occur. If the tumor is large and adherent, one should also 
anticipate a long operative time, as dissection must proceed 
meticulously to avoid bleeding and damage to adjacent 
structures.

K E Y FAC T S

• Wilms tumors are the most common renal neoplasms in 
children.

• Wilms tumors are also referred to as nephroblastomas.
• A painless abdominal mass is the most common 

presenting sign of a Wilms tumor.
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9.

ENDOCR INE/META BOLIC SYSTEM

Birgit Maass

1. An 8-year-old male with a diagnosis of diabetes mel-
litus type 1 presents with diabetic ketoacidosis (DKA). 
He has been vomiting for 12 hours, has abdominal pain, 
and is diagnosed with acute appendicitis in the emer-
gency room. He needs an emergent appendectomy. His 
last solid food intake was 1 hour ago. Which of the fol-
lowing is true?

A. On exam he presents with the typical symptoms of 
hypoventilation and bradycardia.

B. Surgery should be postponed until the patient is 
stable.

C. As the patient is severely dehydrated, rehydration 
should be done with hypertonic fluid.

D. Rapid hydration in this patient can cause cerebral 
edema with brainstem herniation.

2. Regarding diabetes insipidus (DI) and its treatment, 
which of the following is most true?

A. It presents with urine osmolality greater plasma 
osmolality.

B. Symptoms are similar to those after mannitol 
administration or patients with hyperglycemia.

C. Desmopressin is the drug of choice for 
nephrogenic DI.

D. DDAVP has a shorter half-life than vasopressin.

3. A 13-year-old female who has no past medical history 
presents to the emergency room with a body tempera-
ture of 103°F, palpitations, tremor, tachycardia, exoph-
thalmos, heat intolerance, and warm but moist skin. 
She is quite nervous and has brisk reflexes. The most 
likely diagnosis is:

A. Neuroleptic malignant hyperthermia
B. Hepatitis
C. Hyperthyroidism
D. Lupus

4. In a patient with hyperthyroidism this drug should 
be avoided:

A. Propanolol
B. Propofol
C. Methamizole
D. Amiodarone

5. A  neonate presents with seizures. The patient is 
cyanotic. He was diagnosed with Tetralogy of Fallot 
prenatally. An attempt to place a nasogastric tube is 
unsuccessful. What is his most likely diagnosis?

A. DiGeorge syndrome
B. Down syndrome
C. Maternal vitamin D deficiency
D. Williams-Beuren syndrome

6. A 5-year-old female is admitted to the hospital with 
a traumatic brain injury after a motor vehicle accident. 
She is diagnosed with a subarachnoid hemorrhage. Her 
sodium level is 127 mEq/L. What is the cause of her 
hyponatremia?

A. Cerebral salt wasting
B. Central diabetes insipidus
C. Diabetes mellitus
D. Osmotic diuresis secondary to mannitol 

administration

7. Mauriac syndrome is related to:

A. Low insulin levels
B. Low antiduretic hormone (ADH) levels
C. High ammonium levels
D. Low cortisol levels

8. A 5-month-old female comes to hospital with nausea 
and vomiting. She is found to be hyponatremic with 
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hyperkalemic acidosis. On exam she is found to have 
ambiguous genitalia. What is her most likely underly-
ing disease?

A. Gonadoblastoma
B. Primary adrenocortical insufficiency
C. Denys-Drash syndrome
D. Partial androgen insensitivity

9. Which is typically decreased in a patient with Graves’ 
disease?

A. QTc interval
B. Inotropy
C. Decreased reflexes
D. Attention span

10. Most pheochromocytomas originate in the:

A. Adrenal zona glomerulosa
B. Adrenal zona fasciculata
C. Adrenal medulla
D. Paraverteral sympathetic chain

11. The normal response to surgical stress is:

A. Decreased endorphins
B. Increased ADH
C. Decreased ketone body formation
D. Increased protein anabolism

12. A 4-year-old male presents with abdominal pain and 
is found to have an abdominal tumor. A magnetic reso-
nance image (MRI) image shows an abdominal mass, 
which is then surgically removed. The pathology comes 
back as neuroblastoma. This tumor is associated with:

A. No other disease
B. Diabetes mellitus 1
C. Neurofibromatosis 1
D. SIADH

13. A neonate with omphalocele presents with seizures 
and is found to have severe hypoglycemia. On exam 
the patient presents with a large tongue and large fon-
tanelles. The patient’s birth weight was 5.1  kg. The 
patient’s most likely diagnosis is:

A. Diabetes mellitus type 1
B. Prader-Willi syndrome
C. Beckwith-Wiedemann syndrome
D. Achondroplasia

14. A 16-year-old male with a history of hypertension for 
a few months now presents complaining of palpitations, 

tremors, flushing, and diarrhea. He is found to have an 
elevated calcium level and mediastinal, cervical, and 
abdominal lymphadenopathy. What is his most likely 
diagnosis?

A. Essential hypertension
B. Multiple endocrine neoplasia type 2 (MEN 2)
C. Familial hypocalciuric hypercalcemia
D. Tertiary hyperparathyroidism

15. A  patient presents with the following laboratory 
values:

A. Normal serum osmolality
B. Decreased serum sodium level
C. Normal urine osmolality
D. Increased urine specific gravity

What is the patient’s most likely diagnosis?

A. Diabetes insipidus
B. Syndrome of inappropriate antidiuretic hormone 

(SIADH)
C. Mannitol treatment
D. Diabetes mellitus

16. A  17-year-old male is admitted to the emergency 
room with complaints of headache, muscle cramps, and 
weakness. He is found to have a metabolic alkalosis with 
mild hypernatremia and hypokalemia. His blood pres-
sure is elevated. Otherwise his exam is normal. What is 
the patient’s most likely diagnosis?

A. Conn’s disease
B. Hypoaldosteronism
C. Diabetes insipidus
D. Acute adrenal crisis

17. A  patient with DiGeorge syndrome might present 
with:

A. Acromegaly
B. Gastroschisis
C. Trousseau sign
D. Hyperthyroidism

18. A  16-year-old female presents with hyponatremia 
several days after resection of a pituitary tumor. The 
serum sodium level is 126 mEq/L, the serum osmo-
lality is 266 mOsm/L, and the urine osmolality is 110 
mOsm/L. Clinically, the patient does not seem to be 
dehydrated and is doing well. Which treatment is indi-
cated for this patient?

A. Dextrose 5% in half normal saline bolus
B. 3% saline bolus
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C. Desmopressin
D. Fluid restriction

19. Which answer regarding the thyroid and its hor-
mones is true?

A. Thyroid hormone synthesis is catalyzed by the 
enzyme thyroid peroxidase.

B. Thyroid hormones are stored in the thyroid in 
thyroxine-binding globulin.

C. T4 is 10 times more active than T3.
D. Circulating thyroid hormones stimulate TRH 

production.

20. A  4-year-old female presents with the following 
symptoms:  muscle weakness, obesity, glucose intoler-
ance, hypertension, short stature, and hirsutism. What 
is the most likely cause of her symptoms?

A. Prader-Willi syndrome
B. Pheochromocytoma
C. Cushing syndrome
D. Growth hormone deficiency

21. An infant, born in an area without newborn screen-
ing programs, presents with hypotonia and is jaun-
diced. The parents complain that the infant is sleeping 
most of the day and has little interest in feeding. On 
exam the patient has a low temperature, a large tongue, 
an umbilical hernia, decreased deep tendon reflexes, 
and large fontanelles.
What is the infant’s most likely diagnosis?

A. Congenital muscular dystrophy
B. Hypoxic-ischemic encephalopathy
C. Werdig-Hoffmann disease
D. Congenital hypothyroidism

22. Kearns-Sayre syndrome (KSS) is associated with 
which of the following:

A. Hirsutism
B. Episodic vomiting

C. Hydrocephalus
D. Horseshoe kidney

23. Which abnormality can be present in a child with 
long-standing diabetes mellitus?

A. Atlantooccipital instability
B. Myopathy
C. Hydrocephalus
D. Reduced vital capacity

24. Medullary thyroid carcinoma is most often 
associated with:

A. Pheochromocytoma
B. Conn syndrome
C. Sheehan syndrome
D. Graves’ disease

25. A 10-year-old female has had asthma attacks in the 
past and is on nebulizer treatments q6h at home. She 
had a course of prednisone in the past and is now admit-
ted for appendicitis. She has been wheezing in the past 
month but has been off steroids for over a week. The 
patient is dehydrated, febrile, and tachycardic. Under 
anesthesia the patient is found to have severe hypoten-
sion. After surgery she has nausea, is complaining of 
abdominal pain, and is lethargic. She is still hypoten-
sive and needs vasopressor support. What is the likely 
cause of her postoperative symptoms?

A. Anaphylactic reaction to muscle relaxants
B. Adrenal crisis
C. Conn disease
D. Massive postoperative abdominal hemorrhage
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chaPter 9  ansWers

1. ANSWER: D

DKA is defined as hyperglycemia, blood glucose of >200 
mg/dL, and metabolic acidosis, venous pH of less than 
7.3, and/or plasma bicarbonate <15 mEq/L. DKA is fre-
quently the initial presentation of children with new-onset 
type 1 diabetes mellitus. In a surveillance study of almost 
3000 episodes of DKA in the United Kingdom, 38% of 
cases occurred in patients at the time of initial diagnosis of 
diabetes mellitus. It often presents with abdominal pain. 
Older children and adolescents typically present with poly-
uria (due to the glucose-induced osmotic diuresis), polydip-
sia (due to the increased urinary losses), and fatigue. Other 
findings include weight loss, nocturia, daytime enuresis, 
and vaginal or cutaneous candidiasis. Hypovolemia may be 
severe if the urinary losses are not replaced.

In infants, the diagnosis is more difficult because the 
patients are not toilet trained, and they cannot express thirst. 
As a result, polyuria may not be detected, and polydipsia is 
not apparent. However, decreased energy and activity, irri-
tability, weight loss, and physical signs of dehydration are 
common findings. DKA patients present with severe dehy-
dration, tachycardia, urine with ketone and glucose, and 
metabolic acidosis. They also present with hyperventila-
tion to compensate for the metabolic acidosis.

As treatment they should receive an adequate amount 
of isotonic fluid to replenish. Overly aggressive fluid resus-
citation can lead to cerebral edema. Thus, it is important 
to measure serum osmolality during the fluid resuscitation 
and fluid administration should not exceed 4 L/m2 per day. 
The usually tragic outcome of cerebral edema complicating 
diabetic ketoacidosis has prompted proposals for alterations 
in conventional fluid and insulin therapy. Though the inci-
dence of cerebral edema is only about 1% among those with 
diabetic ketoacidosis, it is the most common cause of mortal-
ity, accounting for 57% to 87% of all pediatric diabetic keto-
acidosis deaths. Surgery should not be delayed because it may 
not be possible to correct the metabolic derangements in a 
timely fashion when the patient presents with an emergency.

The osmotic diuresis and increased ketoacid excretion 
promote urinary potassium loss, while vomiting and diar-
rhea increase gastrointestinal potassium losses, which can 
lead to hypokalemia. However, the combination of insulin 
deficiency, which impairs potassium entry into the cells, 
and hyperosmolality, which pulls water and potassium 
out of the cells, tends to raise the serum potassium con-
centration. Succinylcholine should be used with caution 
because it increases potassium, and this patient might have 
acidosis-related hyperkalemia.

K E Y FAC T S

• DKA is frequently the initial presentation of children 
with new-onset type 1 diabetes mellitus and often 

presents with abdominal pain, polyuria, polydipsia, and 
fatigue.

• In infants, the diagnosis is more difficult, and signs 
include tachycardia from severe dehydration, urinalysis 
positive for ketones and glucose, and hyperventilation to 
compensate for the metabolic acidosis.

• It is important to measure serum osmolality during 
the fluid resuscitation, fluid administration should 
not exceed 4 L/m2 per day, and the patient should be 
monitored for signs of increasing cerebral pressure.
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2. ANSWER B

Diabetes insipidus (DI) is caused by inadequate produc-
tion of or inadequate response to ADH. It presents with 
hypotonic polyuria and polydipsia, just as patients who 
received mannitol or with diabetes mellitus. Urine output 
might be 10–20 mL/kg per hour.

There are three major causes of polyuria—primary poly-
dipsia, central DI, and nephrogenic DI—associated with 
an increase in water output and the excretion of hypotonic 
urine. Measurement of the plasma sodium concentration 
and the urine osmolality may be helpful in distinguishing 
between these disorders:

• A low plasma sodium concentration (less than 137 
mEq/L) with a low urine osmolality (less than one-half 
the plasma osmolality) is usually indicative of water 
overload due to primary polydipsia.

• A high-normal plasma sodium concentration 
(greater than 142 mEq/L, due to water loss) points 
toward DI, particularly if the urine osmolality is less 
than the plasma osmolality.

• A normal plasma sodium concentration associated with 
a urine osmolality more than 600 mOsmol/L excludes a 
diagnosis of DI.

In DI, urine specific gravity is less than 1.005.

• DI usually occurs following destruction of the pituitary 
gland by trauma, infiltrating lesions, or surgery (most 
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commonly after craniopharyngioma resections) and 
might be transient.

Treatment of DI involves water replacement and 
exogenous vasopressin. Desmopressin is less potent and 
does not cause the severe vasoconstriction that can be seen 
with vasopressin. Desmopressin has a long half-life of 10–20 
hours (depending on form of administration) compared to 
vasopressin (less than 1 hour). It is the drug of choice to 
treat most forms of DI. The dosage is significantly smaller 
than the dosage given to patients with von Willbrand dis-
ease (up to 1/40 of the dose).

Nephrogenic DI is characterized by normal ADH 
secretion but varying degrees of renal resistance to its 
water-retaining effect. Nephrogenic DI presenting in 
childhood is almost always due to inherited defects. The 
most obvious cause is a kidney or systemic disorder (amy-
loidosis, polycystic kidney disease, and lithium toxicity). 
Hydrochlorothiazide may improve symptoms. Although 
hydrochlorothiazide is a diuretic, in certain cases it can 
actually reduce urine output for people with nephrogenic 
DI. Desmopressin does not improve symptoms as the ADH 
receptors in the kidney do not respond properly to ADH.

K E Y FAC T S

• DI usually occurs following destruction of the pituitary 
gland by trauma, infiltrating lesions, or surgery (most 
commonly after craniopharyngioma resections) and 
might be transient.

• A high-normal plasma sodium concentration (greater 
than 142 mEq/L) points toward DI, particularly if the 
urine osmolality is less than the plasma osmolality.

• Treatment of DI involves water replacement and 
exogenous vasopressin.
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3. ANSWER: C

Hyperthyroidism is caused by an excess of circulating thy-
roid hormones, which results in a hypermetabolic state. 
Hyperthyroidism is most commonly caused by Graves’ dis-
ease in children. Its peak incidence is during adolescence and 
is more common in females. Most of these children have an 
enlarged palpable thyroid gland. Patients present with the 
aforementioned symptoms, as well as diarrhea, increased 
appetite, sweating, and sometimes a large tongue.

Preoperatively the patients with hyperthyroidism 
should be euthyroid, as morbidity and mortality are 
increased otherwise. The patient needs to be stable from the 
cardiovascular standpoint. Most hyperthyroid patients are 
on beta-blockers.

Treatment is with antithyroid medication, surgical 
removal of gland, or radioactive ablation. Long-term remis-
sion rates are greater in pubertal than prepubertal children.

The enlarged goiter can cause tracheal deviation and 
compression. Caution should be used when giving pre-
medication. One should anticipate a potential difficult air-
way. The goal of intraoperative management is to achieve 
a depth of anesthesia that prevents an exaggerated sympa-
thetic response to surgical stimulation. Anticholinergic 
drugs should be avoided because of tachycardia and they 
interfere with sweating.

Another cause of hyperthyroidism can be congenital 
hyperthyroidism. It is due to transfer of thyroid-stimulating 
antibodies from the mother who has Graves’ disease. The 
neonates need to be medicated with methimazole until the 
maternal immunoglobulins are gone, which usually takes a 
few weeks to months.

K E Y FAC T S

• Hyperthyroidism is most commonly caused by Graves’ 
disease in children.

• Symptoms include fever, palpitations, tremor, 
tachycardia, exophthalmos, heat intolerance, warm 
sweaty skin, brisk reflexes, diarrhea, increased appetite, 
and sometimes a large tongue.

• The enlarged goiter can cause tracheal deviation and 
compression, and it could potentially cause a difficult 
airway.
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4. ANSWER: D

Depending on the thyroid intake, up to 13% of patients 
treated with amiodarone develop thyroid dysfunction 
(either hyper- or hypothyroidism). Approximately 40% of 
the drug’s weight is iodine. This iodine can lead to reduced 
or increased synthesis of thyroxine. Amiodarone also inhib-
its the conversion of T4 into T3. Amiodarone contains two 
iodine atoms. It is estimated that amiodarone metabolism 
in the liver releases approximately 3 mg of inorganic iodine 
into the systemic circulation per 100 mg of amiodarone 
ingested. The average iodine content in a typical American 
diet is about 0.3 mg/day. Thus, 6 mg of iodine associated 

 

 

 

 

 

 

 

 

https://kat.cr/user/Blink99/



254  •   organ-Based BasIc and clInIcal scIences

with a 200 mg dose of amiodarone markedly increases the 
daily iodine load.

Amiodarone inhibits outer ring 5′-monodeiodination 
of T4, thus decreasing T3 production. Amiodarone, and 
particularly the metabolite desethylamiodarone, blocks 
T3-receptor binding to nuclear receptors and decreases 
expression of some thyroid hormone-related genes. And 
it may have a direct toxic effect on thyroid follicular cells, 
which results in a destructive thyroiditis.

The elimination half-life of amiodarone is highly vari-
able, ranging from 50 to100 days. Total body iodine stores 
remain increased for up to 9 months after discontinuation 
of the drug. Thyroid abnormalities have been noted in up to 
15% of patients receiving long-term amiodarone therapy.

Methamizole is the mainstay of the antithyroid ther-
apy. It can cause elevated liver enzymes, neutropenia, and 
lymphadenopathy.

Propofol has no effect on the thyroid gland and can be given.
Propanolol, a beta-blocker, is often used in the treat-

ment of the symptoms of hyperthyroidism that are caused 
by increased beta-adrenergic tone.

K E Y FAC T S

• Depending on the thyroid intake, up to 13% of patients 
treated with amiodarone develop thyroid dysfunction.

• Approximately 40% of the drug’s weight is iodine, and 
total body iodine stores remain increased for up to 
9 months after discontinuation of the drug.

• Amiodarone and its metabolite desethylamiodarone 
block T3-receptor binding and may have direct toxic 
effects on the thyroid follicular cells.

references
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5. ANSWER: A

The most prevalent syndrome that includes hypoparathy-
roidism is DiGeorge syndrome. DiGeorge syndrome 
(DGS) is a disorder that arises from a failure of migration 
of neural crest cells into the third and fourth pharyngeal 
pouches. Affected patients typically present in the first week 
after birth with signs of hypocalcemia, such as tetany or sei-
zures, secondary to hypoplastic or absent parathyroid glands.

These patients have characteristic facial features that 
include choanal atresia, a small mouth, and sometimes 
micrognathia (>50% have otolaryngologic manifes-
tations). Cardiac defects (75% of patients), especially 

abnormalities of the outflow tract or aortic arch (truncus 
arteriosus, Tetralogy of Fallot), are present frequently. 
Thymic hypoplasia results in an immune defect that is highly 
variable. Thymic hypoplasia in DGS results in a range of T 
cell deficits. Most patients with DGS have mild defects in T 
cell numbers and are not clinically immunodeficient.

DGS appears to be the most severe phenotype of a group 
of related disorders known as CATCH 22 syndrome, an 
acronym for cardiac defects, abnormal facies, thymic hypo-
plasia, cleft palate, and hypocalcemia caused by chromo-
some 22q11 deletion. The classic triad of features of DGS 
on presentation is conotruncal cardiac anomalies, hypo-
plastic thymus, and hypocalcemia (>60% of patients).

Williams-Beuren syndrome presents with an “elfin” 
facies; supravalvular aortic stenosis or other vascular anom-
alies; hypertension; endocrine abnormalities, including 
hypercalcemia, diabetes mellitus, and subclinical hypothy-
roidism; and genitourinary abnormalities.

Trisomy 21 (Down syndrome) is associated with heart 
defects (most commonly VSD, ASD, AV-canal), hypothy-
roidism, hypotonia, and so on. This syndrome is not associ-
ated with hypocalcemia or seizures.

K E Y FAC T S

• DiGeorge syndrome presents with choanal atresia, 
a small mouth/micrognathia, cardiac defects, and 
thymic hypoplasia, and hypoparathyroidism leading to 
hypocalcemia.

• DiGeorge syndrome is the most severe phenotype of 
CATCH 22 syndrome, caused by chromosome 22q11 
delection.

reference
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6. ANSWER: A

Cerebral salt wasting (CSW) is a potential cause of hypo-
natremia in those with CNS disease, particularly in patients 
with subarachnoid hemorrhage but also in children with 
brain tumors. CSW is characterized by hyponatremia and 
extracellular fluid depletion due to inappropriate sodium 
wasting in the urine. The mechanism by which cerebral dis-
ease might lead to renal salt wasting is poorly understood.

It is a primary natriuresis probably related to dysregula-
tion of the brain or atrial natriuretic peptides. It is defined as:

• Hyponatremia (less than 135 mEq/L) with a low plasma 
osmolality
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• An inappropriately elevated urine osmolality (above 100 
mosmol/kg and often even above 300 mosmol/kg)

• A urine sodium concentration usually above 40 mEq/L
• A low serum uric acid concentration due to urate 

wasting in the urine

CSW must be distinguished from other causes of hypona-
tremia, principally SIADH.

It is only the presence of clear evidence of volume deple-
tion (hypotension, decreased skin turgor, elevated hema-
tocrit, possibly increased BUN/serum creatinine ratio) 
despite a urine sodium concentration that is not low that 
suggests that CSW might be present rather than SIADH. 
By comparison, extracellular fluid volume is normal or 
slightly increased with SIADH.

Treatment consists of fluid resuscitation and sometimes 
flucortisone. Spontaneous resolutions often occur.

K E Y FAC T S

• Cerebral salt wasting is characterized by hyponatremia 
and extracellular fluid depletion due to inappropriate 
sodium wasting in the urine, and it is often seen in 
patients with subarachnoid hemorrhage and brain 
tumors.

• It is defined as a serum sodium <135 mEq/L with low 
plasma osmolality, elevated urine osmolality, a urine 
sodium >40 mEq/L, and a low serum uric acid level in 
the presence of volume depletion.

• Cerebral salt wasting must be distinguished from 
SIADH, which usually presents with normal or 
increased extracellular fluid volume.

references
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7. ANSWER: A

Mauriac syndrome is caused by low insulin levels. 
Nowadays it is a rare complication in children and adoles-
cents with diabetes mellitus type 1, characterized by growth 
retardation, hepatomegaly, and cushingoid features. 
Symptoms tend to rectify with attainment of euglycemia.

The incidence of this syndrome has decreased signifi-
cantly with introduction of long-acting insulin and better 
control of blood glucose levels.

The growth retardation is often referred to as diabetic 
dwarfism. The cause of growth failure in Mauriac syndrome 
has remained obscure, although it is presumably related to 
the poor metabolic control of diabetes.

Growth hormone deficiency has not been found in 
reported cases of Mauriac syndrome.

K E Y FAC T S

• Mauriac syndrome is caused by low insulin levels and is 
characterized by growth retardation, hepatomegaly, and 
cushingoid features.

• The growth retardation is often referred to as diabetic 
dwarfism.

• The incidence of this syndrome has decreased 
significantly with introduction of long-acting insulin 
and better control of blood glucose levels.

reference
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8. ANSWER: B

Ambiguous genitalia of the female is most commonly 
caused by congenital adrenocortical insufficiency, an 
autosomal recessive disease resulting from a defect in one 
of the enzymes of cortisol biosynthesis. Ninety-five per-
cent of the cases are caused by 21-hydroxylase deficiency. 
This results in overproduction of cortisol precursors, espe-
cially 17-OH progesterone, which causes excessive andro-
gen production. About 50% of these patients also have 
a defect in aldosterone synthesis. If untreated, this can 
cause severe salt wasting and death (Addison crisis). These 
patients need salt-containing IV fluids and a stress 
dose of cortisol prior to surgery—for example, 2 mg/kg 
hydrocortisone IV.

Gonadoblastoma is a complex neoplasm composed of 
a mixture of gonadal elements. It does not typically dem-
onstrate invasive behavior; however, 50% of the specimens 
demonstrate evidence of local overgrowth by the germinal 
component, and approximately 10% of these germinomas/
seminomas have demonstrated metastases. The presence of 
Y chromosome material in patients with Turner syndrome 
is a risk factor for the development of gonadoblastoma.

Denys-Drash syndrome (DDS) is a rare disorder consist-
ing of the triad of congenital nephropathy, Wilms tumor, 
and intersex disorders.

Partial androgen insensitivity syndrome (PAIS) is a 
condition that results in the partial inability of the cell to 
respond to androgens. The partial unresponsiveness of the 
cell to the presence of androgenic hormones impairs the 
masculinization of male genitalia in the developing fetus, 
as well as the development of male secondary sexual charac-
teristics at puberty, but does not significantly impair female 
genital or sexual development.
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K E Y FAC T S

• Ambiguous genitalia of the female is most commonly 
caused by congenital adrenocortical insufficiency, often 
from excessive androgen production.

• If untreated, this can cause severe salt wasting and death 
(Addison crisis).

• These patients need salt-containing IV fluids and a stress 
dose of cortisol prior to surgery.
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9. ANSWER: D

Graves’ disease is more common in girls than in boys, and it 
is more common in adolescents. It occurs in approximately 
0.02% of children (1 in 5000). Graves disease was named 
after an Irish doctor, Sir Robert Graves.

Graves’ disease is an autoimmune disorder and the 
most common cause of childhood hyperthyroidism. 
Thyroid-stimulating immunoglobulins bind to the TSH 
receptors and cause hyperstimulation. Most patients pres-
ent with goiter, proptosis, tachycardia, weight loss with 
diarrhea, tremor, brisk reflexes, heat intolerance, dyspnea, 
and inability to concentrate (attention-deficit disorder–like 
symptoms). Sometimes these patients have pretibial myx-
edema and ophthalmopathy. This is caused by an inflamma-
tion of the extraocular muscles, the tissue and the orbital fat, 
which leads to the proptosis and restricted eye movement. 
Special intraoperative attention to eye protection is neces-
sary. Sometimes patients present with systolic hypertension 
and may have atrial fibrillation or mitral regurgitation.

Diagnosis requires identification of suppressed TSH 
levels and elevated levels of free thyroxine (FT4) and/or 
triiodothyronine (T3). Treatment is directed at alleviat-
ing symptoms and reducing thyroid hormone production. 
Symptoms may be improved by treatment with beta-blocking 
drugs alone. Most pediatric endocrinologists recommend 
antithyroid drug therapy as initial treatment in the hope that 
the patient will have a remission of Graves’ disease and there-
fore will remain euthyroid after treatment is discontinued. 
There is a growing acceptance of radioactive iodine therapy 
for children older than 10 years and adolescents as a second, 
and in some cases, initial treatment. Surgical near-total thy-
roidectomy is an equally effective and safe treatment.

The most severe manifestation of Graves’ dis-
ease is thyroid storm. Thyroid storm causes high fever, 

dehydration, diarrhea, rapid and irregular heart rate, shock, 
and potentially death, if not treated.

K E Y FAC T S

• Graves’ disease is an autoimmune disorder and the most 
common cause of childhood hyperthyroidism.

• Most patients present with goiter, proptosis, tachycardia, 
weight loss with diarrhea, tremor, brisk reflexes, heat 
intolerance, dyspnea, and inability to concentrate.

• Treatment includes antithyroid drug therapy 
(radioactive iodine) as well as beta-blocking agents and 
surgical near-total thyroidectomy.
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10. ANSWER: C

Neural crest cells migrate between endoderm and ectoderm 
to form the adrenal medulla and the sympathetic ganglia. 
Their transformation into pheochromocytes results in 
histologically characterized chromaffinic tumors in the 
medulla of the adrenal gland (pheochromocytomas) or at an 
extra-adrenal site (10%) of sympathetic ganglia. Only cells 
that stain positive for chromaffin secrete catecholamines.

The tumor cells have the ability to secrete norepineph-
rine, epinephrine, and dopamine. Pheochromocytomas 
are 10% malignant and 10% bilateral. Approximately 
10% of all pheochromocytomas are diagnosed in 
childhood. Pheochromocytomas in childhood are more 
often benign, bilateral, and multiple in number and more 
often extra-adrenal. In children approximately 50% of the 
tumors are inherited in an autosomal dominant pattern 
(von Hippel-Lindau is most often the cause for familial 
pheochromocytoma).

Supraphysiologic secretion of catecholamines results in 
increased levels of norepinephrine and, to a lesser extent, 
epinephrine. The most obvious effects are an increase vas-
cular resistance with hypertension and tachycardia. Due 
to the hypertension, circulating blood volume can be 
reduced. Long-standing hypertension may result in ven-
tricular hypertrophy, cardiomyopathy, and heart failure. 
Patients also present with tremor, palpitations, sweating, 
and headache.

Catecholamines (norepinephrine, dopamine, and 
epinephrine) levels are elevated in the blood and urine. 
Catecholamine metabolites (vanillyl mandelic acid) 
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and homovanillic acid levels in the blood and urine are 
elevated.

The preoperative preparation consists of fluid resus-
citation and alpha-blockade before beta-blockade (to 
control tachycardia and dysrhythmias). Excessive catechol-
amines may be associated with hyperglycemia and hypoka-
lemia. In addition to pharmacologic preparation, children 
benefit from preoperative sedation to reduce the release of 
catecholamines.

The resection of the tumor is typically curative. 
Malignant tumors may require chemotherapy.

K E Y FAC T S

• Pheochromocytomas in childhood are more often 
benign, bilateral, and multiple in number and more 
often extra-adrenal.

• Secretion of catecholamines results in increased vascular 
resistance, hypertension, tachycardia, and a reduction in 
circulating blood volume.

• The preoperative preparation consists of fluid 
resuscitation and alpha-blockade before beta-blockade to 
control tachycardia and dysrhythmias.
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11. ANSWER: B

Trauma, surgery, and stress can cause a complex endocrine 
response with an increase in so-called stress hormones. 
Serum level of ADH increases with surgical stimulation 
and stress. This can lead to decreased urine output under 
anesthesia. A small dose of furosemide can counteract this 
effect. Other responses to surgical stress include increased 
glucose level secondary to a decreased insulin level, 
increased cortisol, increased catecholamine level, increased 
endorphins, and increased renin. Hyperglycemia is a 
prominent feature of the metabolic response to surgery 
and results from an increase in glucose production, at 
the same time as a reduction in glucose utilization due to 
increased catecholamines and cortisol, which promote gly-
cogenolysis and gluconeogenesis.

Also protein anabolism is inhibited in the begin-
ning of surgery followed by enhanced catabolism. Protein 
catabolism is stimulated by increased cortisol and cytokine 
concentrations. The amount of protein degradation is influ-
enced by the type of surgery and also by the nutritional sta-
tus of the patient. Increased production of stress hormones 

promotes lipolysis and ketone body production. The net 
effect of the endocrine response to surgery is an increased 
secretion of catabolic hormones.

Stress response in the fetus is still not fully discovered. 
The nociceptive apparatus starts to develop in the 7th ges-
tational week and is present almost in the whole body by 
week 20. A fetus in the second trimester can have a stress 
response to painful stimuli. Administration of pain medi-
cation can lessen/abolish this response. It is not yet known 
when noxious stimuli involve the cortex and when “con-
sciousness” is present.

K E Y FAC T S

• Trauma, surgery, and stress can lead to decreased urine 
output due to increased ADH levels, increased glucose 
level secondary to a decreased insulin level, increased 
cortisol, increased catecholamine level, increased 
endorphins, and increased renin.

• The net effect of the endocrine response to surgery is an 
increased secretion of catabolic hormones.

• Increased production of stress hormones promotes 
lipolysis and ketone body production.
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12. ANSWER: C

Neuroblastoma is the most common extracranial solid 
tumor in children. Approximately 15% of all child-
hood cancer mortality is secondary to neuroblastomas. 
Neuroblastomas arise in 50% of the cases from the medulla 
of the adrenal glands. The location of the other 50% is along 
the sympathetic chain—25% abdominal, 25% above the 
diaphragm. Most pediatric patients who present with the 
tumor are under 5 years of age (some diagnosed antenatally).

The etiology of the tumor is unknown, but it is associ-
ated with other disorders like Beckwith-Wiedemann syn-
drome, neurofibromatosis 1, and Hirschsprung disease.

Neuroblastomas can exhibit extreme heterogeneity. The 
tumor metastasizes into lymph nodes, bones marrow, and 
liver. Patients often present with abdominal pain due to 
tumor size and pressure on the adjacent organs. The tumor 
can cause paraneoplastic syndromes (excessive catechol-
amine levels, cerebellar ataxia, and others).

Approximately 90% of the patients have elevated cat-
echolamines in the urine. But less than 50% of the patients 
have hypertension despite the elevated catecholamine levels.
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Treatment includes surgical removal, if possible; radio-
therapy; and chemotherapy.

Surgical removal of the tumor can lead to significant 
blood loss. It also can lead to catecholamine surge from the 
tumor. Despite possible mediastinal location, airway com-
promise is rare as the tumor usually lies in the posterior 
mediastinum.

The two most important factors for prognosis are 
age and tumor stage (younger age has a better prognosis). 
In rare cases spontaneous regression has been described.

K E Y FAC T S

• Neuroblastoma is the most common extracranial solid 
tumor in children, and most patients present before the 
age of 5 years.

• It is associated with other disorders such as 
Beckwith-Wiedemann syndrome, neurofibromatosis 1, 
and Hirschsprung disease.

• The two most important factors for prognosis are age 
and tumor stage (younger age has a better prognosis).
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13. ANSWER: C

Beckwith-Wiedemann syndrome usually occurs sporadi-
cally but is also linked to autosomal dominant inheritance. 
Defects in the region 11p15.5 and underexpression of the 
p57 gene and an overexpression of the insulin-like growth 
factor 2 gene (IGF2) are associated with the syndrome. 
Most cases are associated with a defect in chromosome 11. 
Beckwith-Wiedemann syndrome is a rare disease with an 
incidence of 1:13,700.

The patients present with macrosomia (large for ges-
tational age), macroglossia, omphalocele, and viscero-
megaly. They have increased muscle mass and advanced 
bone age in childhood due to accelerated osseous matura-
tion. These patients are at increased risk of abdominal 
tumors (Wilms’ tumor, neuroblastoma, nephroblas-
toma, and others). The five most common features are 
macroglossia, macrosomia, midline abdominal wall defects, 
ear creases, and neonatal hypoglycemia. The hypoglycemia 
can potentially be severe and is caused by hyperinsulinism, 
which is caused by enlarged pancreas islet cells. Other fea-
tures are large, prominent eyes, enlarged fontanelle, and a 
metotopic ridge (a ridge in the forehead caused by prema-
ture closure of the bones). These patients might develop cor 

pulmonale secondary to chronic airway obstruction and 
might have mild to moderate mental retardation.

Anesthetic considerations include an increased risk 
of airway obstruction and possible difficult airway sec-
ondary to a large tongue.

Prader-Willi syndrome (PWS) is the most common 
known genetic cause of obesity in children. The patients 
usually present with a low birth weight and hypotonia. It 
eventually leads to short stature, if not treated with growth 
hormone, and incomplete sexual development; it can also 
lead to excessive eating and life-threatening obesity. Most of 
the patients have a below normal IQ and social and motor 
deficits.

Achondroplasia is the most common cause of dwarf-
ism and is associated with large fontanelles but not associ-
ated with neonatal hypoglycemia or omphalocele.

K E Y FAC T S

• Beckwith-Wiedemann syndrome presents with 
macrosomia, macroglossia, midline abdominal wall 
defects (omphalocele), visceromegaly, ear creases, and 
neonatal hypoglycemia.

• Other features are large, prominent eyes, enlarged 
fontanelles, and a metotopic ridge (a ridge in the 
forehead caused by premature closure of the bones).

• Anesthetic considerations include an increased risk 
of airway obstruction and possible difficult airway 
secondary to a large tongue.
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14. ANSWER: B

MEN 2 is a subtype of multiple endocrine neoplasia 
(MEN). It has subtypes of its own. MEN 2 is commonly 
an autosomal dominant inherited disorder, which is asso-
ciated with several tumors of the endocrine system. These 
tumors can be benign or malignant. MEN 2 involves med-
ullary thyroid carcinoma, pheochromocytoma, and 
parathyroid adenoma. Von Hippel-Lindau disease is also 
associated with MEN 2. Most of the time patients present 
with symptoms caused by the medullary thyroid cancer 
(MTC). MTC accounts for 5% of all thyroid tumors. It is 
often malignant and is the most common cause of death in 
patients with MEN 2. The overall survival of patients with 
MTC is 86% at 5 years and 65% at 10 years. Its metastases 
cause lymphadenopathy in the neck and the mediastinum. 
It spreads to the liver, lung, and bone.
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Pheochromocytoma occurs in 50% of the patients. 
Primary hyperparathyroidism presents with hypercalcemia 
and is rare in children. It usually occurs when patients are 
over 20 years old. Some of the patients with MEN 2 have 
a marfanoid habitus. Treatment is surgical and consists of 
thyroidectomy, adrenalectomy for pheochromocytoma, 
and/or resection of the parathyroid glands. Familial genetic 
screening is recommended.

MEN 1 is a syndrome that includes tumors of the pan-
creas (mostly gastrin secreting but also insulin and gluca-
gon), tumors of the pituitary gland, and the parathyroid 
glands. It also is mostly inherited autosomal dominant.

Familial hypocalciuric hypercalcemia is a benign, inher-
ited condition that causes abnormally high levels of calcium 
in the blood (hypercalcemia). Most cases are associated 
with loss of function mutations in the CASR gene, which 
encodes a calcium receptor. This receptor is expressed in 
parathyroid and kidney tissue. It is inherited in an autoso-
mal dominant manner.

K E Y FAC T S

• MEN 2 is a subtype of multiple endocrine neoplasia 
(MEN) and typically involves medullary thyroid 
carcinoma, pheochromocytoma, and parathyroid 
adenoma.

• Medullary thyroid cancer is often malignant, with 
metastases to the lymph nodes, liver, lung, and bone. 
It is the most common cause of death in patients 
with MEN 2.

• MEN 1 is a syndrome that includes tumors of the 
pancreas (mostly gastrin secreting but also insulin and 
glucagon), tumors of the pituitary gland, and tumors of 
the parathyroid glands.
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15. ANSWER: D

Hyperglycemia leads to normal serum/urine osmolality 
with a decreased sodium level and an increase in urine spe-
cific gravity due to glucosuria.

Diabetes insipidus leads to an increase in serum osmo-
lality and serum sodium due to excessive diuresis with a 
decrease in urine osmolality and urine specific gravity.

SIADH leads to a decrease in serum osmolality and 
serum sodium with an increase in urine osmolality and 
urine specific gravity.

Mannitol treatment leads to an acute increase in serum 
osmolality, which normalizes after a while, and an increase 
in serum sodium, urine osmolality, and urine specific 
gravity.

K E Y FAC T S

• Hyperglycemia leads to normal serum/urine osmolality 
with a decreased sodium level and an increase in urine 
specific gravity due to glucosuria.

• Diabetes insipidus involves excessive diuresis and leads 
to increased serum osmolality and a decrease in urine 
osmolality.

• SIADH involves excessive water retention and leads to 
decreased serum osmolality and an increase in urine 
osmolality.
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16. ANSWER: A

This patient has Conn disease. Conn disease is due to 
primary hyperaldosteronism. Aldosterone is a steroid 
hormone that is produced in the zona glomerulosa of the 
adrenal gland. It mainly acts on the distal tubules and the 
collecting ducts of the nephrons in the kidney and causes 
sodium retention, water retention, and potassium 
secretion. Only 0.5%–1% of patients who have hyperten-
sion also have Conn disease, which is a form of low-renin 
hypertension. These patients have unilateral or bilateral 
adrenal adenomas. They present with high blood pressure, 
which can be refractory to medication. The most appropri-
ate medication is spironolactone. Treatment consists of sur-
gical removal of the adenoma.

Primary hyperaldosteronism presents with hyper-
natremia and hypokalemia leading to a metabolic alka-
losis. Weakness is usually due to hypokalemia. Although 
hypokalemia is a classic sign of Conn disease, some patients 
present with hypertension with normal potassium levels. 
Mild hypomagnesemia might occur, which can cause mus-
cle cramps in patients with persistent mineralocorticoid 
excess. How this occurs is not completely understood.

Aldosterone may raise the glomerular filtration rate 
(GFR) and renal perfusion pressure independent of sys-
temic hypertension. Despite sodium and water retention, 
Conn disease does not typically lead to edema. This is 
due to spontaneous diuresis, which decreases the sodium 

 

 

 

 

 

 

 

 

https://kat.cr/user/Blink99/



260  •   organ-Based BasIc and clInIcal scIences

level. Patients with Conn disease usually have only mild 
hypernatremia.

Hypoaldosteronism presents with hyperkalemia 
and a mild hyperchloremic metabolic acidosis. Most 
often hypoaldosteronism is caused by acquired and some-
times by inherited disorders that affect the adrenal aldoste-
rone synthesis or renal renin release. Plasma renin levels are 
usually increased.

Diabetes insipidus can lead to hypernatremia and hypo-
kalemia but due to polyuria. These patients mostly have 
hypotension.

Acute adrenal crisis is a life-threatening disease caused 
by adrenocorticosteroid hormone deficiency. It leads to 
hypotension and hyponatremia with hyperkalemia.

K E Y FAC T S

• Conn disease is due to primary hyperaldosteronism and 
causes sodium retention, water retention, and potassium 
secretion, which leads to a metabolic alkalosis.

• Weakness can occur secondary to hypokalemia.
• Despite sodium and water retention, Conn disease does 

not typically lead to edema because of spontaneous 
diuresis.
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17. ANSWER: C

DiGeorge syndrome is caused by mutations in the gene 
TBX1 of the chromosome 22. Patients present with micro-
gnathia, short stature, hypoparathyroidism, and throm-
bocytopenia secondary to thymus hypoplasia. These 
patients also have cardiovascular, airway, and GI complica-
tions. Esophageal atresia, imperforated anus, and dia-
phragmatic hernias can be associated with DiGeorge 
syndrome but not gastroschisis.

Chvostek sign is a clinical sign caused by hypocal-
cemia. Patients with DiGeorge syndrome often have hypo-
parathyroidism, which causes hypocalcemia. Hypocalcemia 
causes nerve hyperexcitability. When the masseter muscle 
of these patients is tapped (facial nerve), the facial muscles 
of the same side of the face will twitch (e.g., nose and lips). 
Another clinical sign of hypocalcemia is the Trousseau 
sign. It is more sensitive to detect hypocalcemia clinically 
than the Chvostek sign. To trigger the sign, one has to 
inflate a blood pressure cuff on the patient’s arm and inflate 
it to a pressure greater than the patient’s systolic blood pres-
sure. The blood pressure cuff has to stay inflated for 3–5 
minutes. The occlusion of the brachial artery will induce 

spasm of the hand and forearm. These spasms are secondary 
to the neuromuscular hyperexcitability, which is caused by 
the low calcium level. The wrist and the metacarpophalan-
geal joints flex and the fingers adduct.

There are many different causes for hypoparathyroid-
ism, which leads to hypocalcemia.

Several genetic defects have been identified in patients 
with hypoparathyroidism; for example, Kenney-Caffey 
syndrome (congenital hypoparathyroidism, mental retar-
dation, facial dysmorphism, and severe growth failure 
and immunodeficiency) or Kearns Sayre syndrome (oph-
thalmoplegia, pigmentary degeneration of the retina, and 
cardiomyopathy).

There is a form of autoimmune hypoparathyroidism called 
autoimmune polyendocrinopathy-candidiasis-ectodermal 
dystrophy (APECED) syndrome.

Hypoparathyroidism can also be acquired during thy-
roid surgery and parathyroidectomy.

Iron or copper deposition into the parathyroid glands 
also can cause hypoparathyroidism.

K E Y FAC T S

• Chvostek sign is a clinical sign caused by hypocalcemia; 
when the masseter muscle of these patients is tapped 
(facial nerve), the facial muscles of the same side of the 
face will twitch (e.g., nose and lips).

• Another clinical sign of hypocalcemia is the Trousseau 
sign. To trigger the sign, one has to inflate a blood 
pressure cuff on the patient’s arm and inflate it to a 
pressure greater than the patient’s systolic blood pressure 
for 3–5 minutes. The occlusion of the brachial artery 
will induce spasm of the hand and forearm.
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18. ANSWER: D

The patient presents with SIADH (syndrome of inappro-
priate ADH). It is a syndrome that presents with hypona-
tremia <135 mEq/L with a serum osmolality <280 mEq/L 
and a urine osmolality >100 mOsm/L.

These patients are normovolemic and have no renal fail-
ure and no thyroid failure. The patients have no edema and 
have normal adrenal function. Major causes of SIADH 
are head injuries, brain tumors, cerebral hemorrhage/
stroke, or cerebral infections. It also can be caused by 
medications like DDAVP, carbamazepine, cisplatin, and 
tricyclic antidepressants. It is typically seen after pituitary 
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surgeries but also after major abdominal and thoracic sur-
geries. It can be caused by neoplasias and lung diseases 
(asthma). There is also a rare form of hereditary SIADH.

Typically these patients present with mild hyponatre-
mia (sodium >125 mEq/L). If severe hyponatremia occurs 
(<120 mEq/L), the patients become symptomatic. Severe 
hyponatremia presents with confusion and general muscle 
weakness. These patients can present with tremor, myoclo-
nus, and seizures. Severe hyponatremia can lead to coma. 
A bolus with hypertonic sodium chloride may be necessary 
(e.g., 2.5–5 mEq/kg per hour of 3% hypertonic saline). The 
sodium level is not to be corrected too rapidly, as this may 
lead to pontine myelinolysis. The goal is not to increase 
the sodium level more than 0.5 mEq/L per hour. Once a 
sodium level of 120–125 mEq/L is reached, the hypertonic 
saline infusion should be stopped.

Treatment of SIADH consists of fluid restriction. If 
the sodium level needs to be corrected, loop diuretics (e.g., 
furosemide 1 mg/kg) can be used. Vasopressin V1 and V2 
receptor antagonists (e.g., Talvaptan, Conivaptan) are not 
(yet) the standard of care.

Desmopressin is given to treat diabetes insipidus.

K E Y FAC T S

• SIADH is a syndrome that presents with hyponatremia 
< 135 mEq/L, serum osmolality < 280 mEq/L, and 
urine osmolality > 100 mOsm/L.

• Major causes of SIADH are head injuries, brain tumors, 
cerebral hemorrhage/stroke or cerebral infections.

• Treatment of SIADH consists of fluid restriction. 
Severe hyponatremia can be treated with slowly with 
hypertonic sodium.

• The goal is not to increase the sodium level more than 
0.5 mEq/L per hour to avoid pontine myelinolysis.
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19. ANSWER: A

The thyroid gland consists of two lobes that lie on either 
side of the ventral aspect of the trachea. The thyroid consists 
of follicular cells and colloid. Thyroid hormones are synthe-
sized and stored in the thyroid.

Thyroid epithelial cells produce thyroglobulin, which is 
then secreted into the lumen of the follicle. Thyroglobulin 
consists of over 100 tyrosines. Iodine is taken up by the 

follicular cells from the blood by thyroid cells by active 
transport in exchange for sodium. Iodine uptake is the main 
control point for the hormone synthesis and is stimulated by 
thyroid-stimulating hormone (TSH) in the pituitary gland.

Thyroid peroxidase catalyzes the oxidation of iodine 
to form active iodine. Active iodine is then incorporated 
into the tyrosine of the thyroglobulin. Here the mono- and 
di-iodotyrosines (MIT and DIT) are formed and are trans-
ported across the follicular cells. The iodinated thyroglobu-
lin is taken up into the colloid.

The thyroid hormone production is conducted by the 
enzyme thyroid peroxidase:  A  coupling reaction between 
pairs of iodinated tyrosine molecules occurs. The coupling 
of two tyrosine residues each iodinated at two positions 
(di-iodotyrosine [DIT]) produces tetra-iodothyronine or thy-
roxine (T4). The coupling of DIT with mono-iodotyrosine 
(MIT) produces tri-iodothyronine (T3).

These thyroid hormones T3 and T4 are stored in the 
thyroglobulin and released when thyroglobulin is taken 
back ino the follicular cells (TSH regulated). Then 
fusion of colloid with lysosomes release T3 and T4 from 
thyroglobulin. Approximately 10% of the T4 hormones are 
converted to T3 before it is secreted. (On average, 100 µg T4 
and 10 µg T3 are secreted per day.)

T4 is the major circulation thyroid hormone, but T3 
is the major physiologically active thyroid hormone (T3 is 
10 times more active than T4). Eighty percent of T4 hor-
mone is converted in peripheral organs such as the liver and 
kidney to the more active T3 hormone. Thyroxine-binding 
globulin binds the thyroid hormones in the circulating 
bloodstream.

Level of T3 and T4 regulate the thyroid hormone pro-
duction by inhibiting TRH (thyrotropin-releasing hor-
mone in the hypothalamus) and TSH. Deficiency of iodine 
leads to a decreased production in thyroid hormones, which 
enlarges the thyroid gland.

K E Y FAC T S

• T4 is the major circulation thyroid hormone but T3 is 
the major physiologically active thyroid hormone.

• Eighty percent of T4 hormone is converted in peripheral 
organs such as the liver and kidney to the more active T3 
hormone.

• Deficiency of iodine leads to a decreased 
production in thyroid hormones which enlarges the 
thyroid gland.
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20. ANSWER: C

Cushing syndrome is found in children with adrenal tumors 
or ACTH-secreting tumors (pituitary gland), which lead to 
a state of hypercortisolism. But most often hypercortisolism 
is iatrogenic in children, usually caused by administration 
of excessive amounts of synthetic glucocorticoids, which 
are given for asthma and other diseases. Patients with 
Cushing syndrome present with muscle wasting, trun-
cal obesity, osteopenia, hypertension, hyperglycemia, 
growth deceleration, striae, hypokalemia, moon face, 
acne, thin skin, and mental changes such as depression 
or anxiety. Complications of high steroid levels include 
diabetes mellitus, compression fractures, hypertension, 
infections, and psychosis.

Adrenal tumors causing Cushing syndrome have two 
age distributions: one in the first decade of life for both ade-
nomas and carcinomas, and another at age 50 for adenomas 
and age 40 for carcinomas. Adrenal carcinoma is the cause 
of 50% of all cases of childhood Cushing syndrome. The 
tumor can secrete any combination of steroids, and it also 
secretes androgens, which result in hirsutism.

For diagnosis, urinary 24-hour cortisol and creatinine 
measurements can be obtained as well as late evening sali-
vary cortisol levels. A low-dose dexamethasone suppression 
test should be obtained overnight. Treatment is removal of 
the tumor with possible radiation therapy.

K E Y FAC T S

• Cushing syndrome is found in children with adrenal 
tumors or ACTH-secreting tumors (pituitary gland), 
but most often is caused by medications.

• Patients present with muscle wasting, truncal obesity, 
osteopenia, hypertension, hyperglycemia, growth 
deceleration, striae, hypokalemia, moon faces, acne, thin 
skin and mental changes such as depression or anxiety.

• Adrenal carcinoma is the cause of 50% of all cases of 
childhood Cushing syndrome.

• Treatment is removal of the tumor or decrease in 
glucocorticoid therapy.
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21. ANSWER: D

Congenital hypothyroidism occurs in approximately 
1:2000 to 1:4000 newborns and is one of the most common 
preventable causes of intellectual disability. Congenital 
hypothyroidism usually presents in infancy. At birth some 

maternal thyroid hormones cross the placenta and the 
patients may have some thyroid function of their own. This 
combination leaves them with 25%–50% of normal thy-
roid hormone level at birth—which slowly declines.

In the era before newborn screening, less than half of 
the cases of severe hypothyroidism were recognized in the 
first month of life. As patients get older, more manifesta-
tions occur including poor growth, mental retardation, 
bradycardia, hypothermia, cold intolerance, and leth-
argy. Very few patients have a palpable goiter.

The infants have a hoarse cry and have feeding diffi-
culties. By several years of age, they display the recogniz-
able facial and body features of what is called cretinism. 
Untreated the patients have severe mental impairment, with 
an IQ below 80. Severe cases with cardiovascular collapse, 
hyponatremia, and respiratory failure have been described.

In the United States, blood is collected 2–5 days after 
delivery on a filter paper. Some programs also routinely 
obtain a second specimen between 2 and 6 weeks after deliv-
ery. If the TSH (thyroid-stimulating hormone of the pitu-
itary gland) filter paper test is positive, meaning the TSH is 
elevated—serum levels of T4 and TSH are obtained. If this 
test is positive (free T4 level low, TSH level high), the diag-
nosis of congenital hypothyroidism is made and the patient 
is started on L-thyroxine.

If the diagnosis of hypothyroidism is confirmed, other 
studies, such as thyroid radionuclide uptake and imaging, 
ultrasonography, serum thyroglobulin assay, tests for thy-
roid autoantibodies, or urinary iodine excretion, may be 
performed to identify the cause.

The most common cause of congenital hypothyroid-
ism is thyroid dysgenesis. Over 80% of the cases are spo-
radic. If presenting later in childhood, it is most often due 
to an error of the thyroxine synthesis or an ectopic thyroid 
gland. Some patients have transient hypothyroidism, which 
is most often caused by maternal autoimmune thyroid dis-
ease and maternal iodine deficiency. These patients are able to 
discontinue their thyroid medication after 2–3 years of life.

Approximately 80%–90% of patients in the United 
States with congenital hypothyroidism prove to have per-
manent disease. They will require thyroid hormone replace-
ment throughout life.

K E Y FAC T S

• Congenital hypothyroidism is one of the most common 
preventable causes of intellectual disability, and usually 
presents in infancy.

• Patients present with prolonged jaundice, umbilical 
hernias, poor growth, mental retardation, bradycardia, 
hypothermia and cold intolerance, and lethargy.

• The most common cause of congenital hypothyroidism 
is thyroid dysgenesis.

• Treatment is typically lifelong administration of 
L-thyroxine.
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22. ANSWER A

Kearns-Sayre syndrome (KSS) is a mitochondrial 
myopathy. It usually occurs sporadically. Rarely is it inher-
ited. Mitochondrial diseases are a group of disorders caused 
by pathologic dysfunction of the mitochondrial respiratory 
chain that present with a wide range of clinical expres-
sion. When skeletal muscle is affected, either alone or with 
central nervous system disease, it is called mitochondrial 
myopathy.

The diagnosis of a mitochondrial disease can be diffi-
cult. The evaluation and diagnostic approach vary accord-
ing to age, clinical phenotype, and presumed inheritance 
pattern. To diagnose KSS, one should get testing for mito-
chondrial DNA studies. The muscle biopsy remains one 
of the main tools for diagnosing a mitochondrial disor-
der. When muscle cells of KSS patients are examined under 
a microscope, the cells contain an excess of mitochondria 
and are known as ragged-red fibers.

Onset of symptoms occurs typically before the age of 20. 
It occurs mostly sporadically but can also be familial. It is 
also known as oculocraniosomatic disease, as it is character-
ized by progressive external ophthalmoplegia that is asso-
ciated with abnormal retinal pigmentation. KSS typically 
involves the muscles controlling the eyelid (which leads 
to ptosis) and eye movement. It can lead to vision loss and 
sensorineural hearing loss. The weakness can involve the 
pharynx, the respiratory muscles, and mostly the proximal 
muscles. This can lead to an increased aspiration risk. The 
muscle involvement can begin as unilateral but ultimately is 
bilateral and progressive.

These patients can have cardiac conduction abnor-
malities (AV-block), seizures, and dementia. They are 
known to have a short stature and kyphoscoliosis.

Hirsutism can occur secondary to a decrease in excre-
tion of 17-ketosteroids and 11-hydroxycorticoids. Diabetes 
mellitus and hyperglycemia can occur.

Patients with KSS are often sensitive to medications 
(especially muscle relaxants). Succinylcholine should be 
avoided because it can cause significant hyperkalemia in 
patients with myopathy.

There is currently no specific treatment for KSS patients. 
Treatment is generally symptomatic and supportive. They 
may require a hearing aid. There is typically no treatment 
for limitation in eye movement. KSS is a slowly progressive 

disorder. For prognosis it is important to have the patients 
followed by a cardiologist, as heart block is the cause of 
death in approximately 20% of the patients with KSS.

K E Y FAC T S

• Kearns-Sayre syndrome (KSS) is a mitochondrial 
myopathy. It is rarely inherited.

• Onset of symptoms typically occurs before the age of 20.
• KSS typically involves the eyelid muscles and respiratory 

muscles, and can lead to an increase in aspiration risk.
• These patients can have cardiac conduction 

abnormalities (AV-block), seizures and dementia. They 
are known to have a short stature and kyphoscoliosis.
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23. ANSWER: D

The prevalence of type 1 diabetes mellitus in the United 
States is approximately 1:500 children. It is caused 
by insulin deficiency following destruction of the 
insulin-producing pancreatic beta cells and is an auto-
immune process. Type 1 diabetes mellitus (DM) is one 
of the most common chronic diseases in childhood, but 
one fourth of cases are diagnosed in adults. Most chil-
dren are diagnosed when they are approximately 5  years 
old. A second peak of onset is in early puberty from 10 to 
14 years. There is no gender difference in patients with DM 
type 1. The risk to developing DM type 1 is moderately 
increased in children who have a close relative with 
diabetes mellitus. No factors have been definitely identi-
fied which trigger the destruction of the insulin-producing 
beta-cells of the pancreas.

Complications are usually the result of microangiopa-
thy and macroangiopathy. The chronic hyperglycemic state 
will affect the whole body over time. It affects the eyes 
with cataracts, glaucoma, and retinopathy. Most patients 
will develop renal disease after 10  years, leading to renal 
failure. And most patients with DM will have retinopathy 
20  years after diagnosis. Patients with DM are at risk for 
strokes and coronary artery disease. They have poor wound 
healing, which can be worsened by a peripheral neuropathy. 
Autonomic neuropathy and gastroparesis are also common 
in patients with DM.

About 20% of children with DM 1 have a significant 
decrease in vital capacity, which suggests restrictive 
lung disease. Lung elasticity and alveolar basal lamina are 
affected.
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Abnormal tightness of small joints and stiffness of 
the atlantooccipital joint can be the cause for a diffi-
cult intubation. Altantooccipital instability is related to 
Trisomy 21 and not seen in children with DM.

There are several other musculoskeletal complica-
tions of DM. Some of them are carpal tunnel syndrome, 
Dupuytren’s contracture, and flexor tenosynovitis. Adhesive 
capsulitis of the shoulder (frozen shoulder) and calcific peri-
arthritis (calcific tendinitis) have been described in diabetic 
patients. Spontaneous infarction of muscle is a rare condition 
that usually affects patients with long-standing and poorly 
controlled DM. Those patients present with acute pain and 
swelling of the thigh. Myopathy is not linked to DM.

K E Y FAC T S

• Type I diabetes mellitus is caused by insulin deficiency 
following destruction of the insulin-producing 
pancreatic beta cells and is an autoimmune process.

• Complications are usually the result from 
microangiopathy and macroangiopathy, leading to 
retinopathy, renal disease, strokes and coronary artery 
disease.

• About 20% of children with DM 1 have a significant 
decrease in vital capacity which suggests restrictive lung 
disease. Lung elasticity and alveolar basal lamina are 
affected.
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24. ANSWER: A

Pheochromocytoma may coexist with medullary thy-
roid carcinoma (MTC) and hyperparathyroidism. This 
condition is called multiple endocrine neoplasia (MEN) 
type 2A. Patients with MEN 2 will get a medullary thyroid 
carcinoma almost 100% of the time. MEN type 2B are clas-
sified patients who have pheochromocytoma with MTC 
but do not have hyperparathyroidism.

MTC originates from the parafollicular cells of the 
thyroid. It is one of the most common thyroid carcinomas 
but it makes up only 3%–4% of those cases. Patients with 
MTC become symptomatic with diarrhea, pruritus, and 
flushing episodes similar to the symptoms of a carcinoid 
tumor. These symptoms are believed to be caused by high 
calcitonin levels. Calcitonin is produced by the parafollicu-
lar cells (also known as C-cells) of the thyroid. Medullary 
thyroid carcinoma most commonly spreads to lymph nodes, 

neck, mediastinum and liver, lung, and bones. At diagno-
sis almost 50% have some lymph node involvement. Some 
patients present with dysphagia or hoarseness. Most MTCs 
are sporadic (about 80%) and present most commonly in 
patients who are over 50 years old. These patients often pres-
ent with a solitary thyroid nodule.

Thyroid function tests are normal in patients with 
MTC. Serum calcitonin and carcinoembryonic antigen 
(CEA) are indicators for MTC, and serum calcitonin con-
centrations usually correlate with tumor mass.

Treatment is a total thyroidectomy with radiotherapy 
in patients with extrathyroidal disease or extensive lymph 
node metastases. Radical neck dissections do not improve 
prognosis. Palliative chemotherapy has been reported to 
produce occasional responses in patients with metastatic 
disease. The 5 year survival rate is greater than 75%.

Conn syndrome is defined as primary aldosteronism 
due to the presence of an adrenal aldosterone-producing 
adenoma—with hypertension as its main symptom.

Sheehan syndrome is a form of hypopituitarism of 
the mother after childbirth. The hypopituitarism is caused 
by pituitary necrosis secondary to massive blood loss and 
hypovolemic shock during birth.

Graves’ disease is a form of hyperthyroidism caused by 
an autoimmune process.

K E Y FAC T S

• Pheochromocytoma may coexist with medullary thyroid 
carcinoma (MTC) and hyperparathyroidism.

• Thyroid function tests are normal in patients with 
MTC. Serum calcitonin and carcinoembryonic antigen 
(CEA) are indicators for MTC and serum calcitonin 
concentrations usually correlate with tumor mass.

• Conn syndrome is defined as primary aldosteronism 
due to the presence of an adrenal aldosterone-producing 
adenoma.

• Sheehan syndrome is a form of hypopituitarism caused 
by pituitary necrosis secondary due to massive blood loss 
and hypovolemic shock during of the mother during 
childbirth.

• Graves’ disease is an autoimmune form of 
hyperthyroidism.
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25. ANSWER: B

Adrenal crisis is a life-threatening state of adrenocorti-
costeroid hormone deficiency leading to hemodynamic 
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shock. Patients with adrenal crisis present with hypo-
tension and volume depletion secondary to mineral-
corticosteroid deficiency. Adrenal crisis is a form of acute 
adrenal insufficiency. Most often it is caused by primary 
adrenal insufficiency, but secondary and tertiary adrenal 
insufficiency have been described as cause of adrenal crisis.

Systemic glucocorticoid intake can cause 
hypothalamic-pituitary-adrenal axis suppression by 
reducing corticotropin (ACTH) production. The sup-
pression is dependent on the dose and the duration of the 
steroid intake. Secondary and tertiary adrenal insufficiency 
does not lead to volume depletion like the primary form 
does. But it leads to a deceased vascular tone, which con-
tributes to the hypotension.

The crisis can happen during surgical stress and is asso-
ciated with severe asthma. Adrenal crisis may also occur 
in patients who are abruptly withdrawn from exogenous 
glucocorticoids. Due to long-standing oral steroid intake, 
the hypothalamic-pituitary axis can be suppressed.

Adrenal crisis is a life-threatening emergency and needs 
immediate attention and treatment.

Patients with primary cortisol deficiency have 
increased blood volume and dilutional hyponatremia. 
The history of prior pituitary surgery, glucocorticoid therapy, 
or tuberculosis makes secondary adrenal insufficiency very 

likely. The treatment of adrenal crisis has to be immediate 
once the diagnosis is likely. The airway has to be evaluated, 
100% O

2
 to be given, and the patient needs urgent volume 

resuscitation. Blood should be drawn for a random cortisol 
and ACTH level, immediately followed by intravenous glu-
cocorticoid administration. Dexamethasone is preferred, as it 
is not measured in the serum cortisol assays (unlike hydrocor-
tisone). Electrolyte disturbances (hypoglycemia, hyponatre-
mia, hyperkalemia, and hypercalcemia) should be ruled out.

K E Y FAC T S

• Adrenal crisis is a life threatening state of 
adrenocorticosteroid hormone deficiency leading to 
hemodynamic shock.

• Adrenal crisis may also occur in patients who are 
abruptly withdrawn from exogenous glucocorticoids.

• Treatment is intravenous glucocorticoid administration 
- dexamethasone is preferred.
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10.

HEM ATOLOGY/ONCOLOGY

Patcharee Sriswasdi

1. A 40-day-old otherwise healthy male infant, weigh-
ing 4 kg, was admitted to the postanesthetic care unit 
(PACU) after a circumcision with general anesthesia. 
You are called to evaluate this patient for cyanosis, 
which began 1.5 hours after the procedure. A  dorsal 
nerve block with 1.5 mg/kg prilocaine was performed 
during the circumcision. The patient was born full term 
and had no perinatal problems, except neonatal screen-
ing was positive for G6PD deficiency. His hemoglobin 
level was 11.9 g/dL and his white blood cell count was 
11,200/mm3. The arterial blood gas analysis revealed a 
pH 7.28, PO

2
 85 mm Hg, and oxygen saturation 87%. 

Which of the following would be the most likely cause 
of cyanosis in this patient?

A. Airway obstruction from residual inhaled 
anesthetics

B. Respiratory depression from narcotics
C. Negative pressure pulmonary edema
D. Methemoglobinemia

2. The most appropriate course of action to take in the 
scenario in Question 1 would be administration of:

A. Supplemental oxygen
B. Naloxone IV
C. Furosemide IV
D. Methylene blue IV

3. Which of the following medications is safe to use in 
patients with G6PD deficiency?

A. Prilocaine
B. Bupivacaine
C. Benzocaine
D. Sodium nitroprusside

4. Which laboratory result is most likely to be found in 
a full-term healthy newborn?

A. Normal prothrombin time (PT)
B. Normal activated partial thromboplastin 

time (aPTT)
C. Normal international normalized ratio (INR)
D. Normal thrombin time (TT)

5. Select the correct statement regarding developmen-
tal changes in plasma coagulation proteins during the 
childhood period in comparison with adult lab values:

A. Normal anti-thrombin III levels
B. Normal protein C and protein S levels
C. Normal fibrinolysis
D. Normal plasminogen level

6. What is the expected nadir hemoglobin level in pre-
term infants?

 Hemoglobin Postnatal age

A. 5–7 g/dL  1–3 weeks
B. 7–9 g/dL  3–6 weeks
C. 9–11 g/dL  6–8 weeks
D. 11–13 g/dL 8–12 weeks

7. What is the expected nadir hemoglobin level in term 
infants?

 Hemoglobin Postnatal age

A. 5–7 g/dL  1–3 weeks
B. 7–9 g/dL   3–6 weeks
C. 9–11 g/dL   6–8 weeks
D. 11–13 g/dL  8–12 weeks

8. Fresh-frozen plasma (FFP) should be used as primary 
therapy for which of the following specific coagulation 
defects:

A. Factor V deficiency
B. Factor VII deficiency
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C. Factor VIII deficiency
D. Factor IX deficiency

9. What is the most appropriate management in patients 
with sickle cell disease?

A. Preoperative correction of anemia with transfusion 
to hemoglobin of 12 g/dL.

B. Perform an exchange transfusion to decrease 
hemoglobin S < 10%.

C. Maintain ETCO
2
 between 35 and 45 mm Hg.

D. Maintain hyperthermia to promote oxygen 
unloading at the tissue level.

10. Which is the most appropriate anesthetic consid-
eration for patients who are scheduled for central line 
placement for hematopoietic stem cell transplantation?

A. Nitrous oxide should be avoided during 
hematopoietic stem cell harvesting procedures.

B. Special filters are required in the breathing circuit.
C. Irradiated, leukocyte reduced blood component 

should be administered, and blood typing is 
dependent on engraftment of recipient antigens.

D. Graft-versus-host disease (GVHD) is the clinical 
manifestation of the recognition of donor 
alloantigens by recipient T cells.

11. Which of the following statements best describes 
graft-versus-host disease (GVHD)?

A. Acute GVHD is a clinical syndrome that usually 
develops 30 to 60 days after allogeneic HSCT.

B. Hepatic involvement generally presents with high 
conjugated bilirubin.

C. Chronic GVHD always occurs in the presence of 
preceding acute GVHD.

D. Chronic GVHD is a distinctive syndrome that 
resembles autoimmune collagen vascular disease.

12. Which of the following statements is the character-
istic of radiation-induced lung injury?

A. The early phase occurs within 1 to 2 weeks of 
exposure.

B. Injury during the exudative phase is characterized by 
pulmonary edema.

C. Injury during the late phase is characterized by 
pulmonary fibrosis.

D. Among children younger than 3 years of age, toxicity 
does not occur until exposure to more than 30 Gy.

13. Which of the following factors is most likely to 
influence the development of pulmonary toxicity after 
thoracic radiation therapy for lung cancer?

A. Dose of each radiation therapy session
B. Interval of each radiation therapy session
C. Patient age at the time of treatment
D. Patient weight at the time of treatment

14. Which of the following is the most appropriate 
combination of chemotherapeutic agent and its major 
related side effect or toxicity?

A. Cisplatin and pulmonary fibrosis
B. Cyclophosphamide and peripheral neuropathy
C. Etoposide and hypertension
D. Tacrolimus and hyperglycemia

15. Which of the following chemotherapeutic agents is 
known to cause nephrotoxicity?

A. Cisplatin
B. Etoposide
C. Vincristine
D. Hydroxyurea

16. Which of the following chemotherapeutic agents is 
likely to cause SIADH?

A. Cyclophosphamide
B. Cyclosporin
C. Etoposide
D. Bleomycin

17. The most common manifestation of 
anthracycline-induced acute cardiotoxicity is:

A. Cardiac arrhythmia
B. Congestive heart failure
C. Pericarditis
D. Myocarditis

18. Which of the following is the risk factor for 
anthracycline-induced cardiotoxicity in a pediatric 
patient?

A. Patient age at treatment
B. Male gender
C. Radiation therapy to the right chest
D. Methods of administration (bolus versus 24-hour 

infusion)

19. A  3-year-old black girl is scheduled for an explor-
atory laparotomy. She has a history of gross hematu-
ria and abdominal pain. Her physical examination 
was unremarkable, but a urine sample revealed gross 
hematuria and proteinuria. The computed tomogra-
phy (CT) of the abdomen and pelvis showed a 2 × 3 cm 
mass in the upper pole of the right kidney. The renal 
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vein was not involved, and adenopathy was not pres-
ent. The left kidney was unremarkable. Which of the 
following conditions is likely to be associated with this 
abdominal mass?

A. Cardiac abnormalities
B. Hepatic involvement
C. Nervous systems involvement
D. Hypertension

20. A  7-year-old boy presents to the emergency room 
because of new onset seizure and hyperglycemia. His 
history is also notable for occasional, severe head-
aches and episodes of sweating. His blood pressure is 
180/90 mm Hg, heart rate is 130 beats/min, respiratory 
rate is 20/min, and O

2
 saturation on pulse oximeter is 

97% on room air. CT of the head is negative. The patient 
is now scheduled to undergo an abdominal magnetic 
resonance imaging (MRI)/magnetic resonance angiog-
raphy (MRA) under general anesthesia. Which of the 
following statements is a concern when providing anes-
thetic care for this patient?

A. Fluid maintenance should be with 5% dextrose in 
normal saline.

B. The patient is at increased risk for developing 
congestive heart failure.

C. The patient is at increased risk of developing of 
hyperkalemia.

D. He will have a higher MAC than unaffected 
patients.

21. Which of the following medications is safe to use in 
the patient from Question 21?

A. Desflurane
B. Vecuronium
C. Morphine
D. Acetaminophen

22. The MRI of the abdomen for the patient from 
Question 21 showed a 1 × 2 cm mass in the right supra-
renal  mass. Which statement is most likely associated 
with this patient’s condition?

A. The mass originated from chromaffin cells.
B. The most common site of origin is the adrenal cortex.
C. The predominant catecholamine produced is 

norepinephrine.
D. Plasma metanephrine and epinephrine are reliably 

elevated.

23. Which of the following conditions would most like 
for the patient from Question 21, we seen in patients 
with this diagnosis?

A. Multiple endocrine neoplasia type 1
B. Multiple endocrine neoplasia type 2
C. Neurofibromatosis type 2
D. Familial gangliomas

24. A 4-year-old girl presented at the emergency room a 
week ago with extensive bruising and bleeding gums. Her 
vital signs were stable. Her hemoglobin level was 6.9 g/
dL, platelet count was 20,000/mm3, and white blood cell 
count was 16,200/mm3. Today she is schedule for bone 
marrow aspiration. Which of the following statements is 
a concern when providing anesthetic care for this child?

A. AML is the most common type of leukemia in 
children.

B. Dexamethasone should be used to minimize 
postoperative vomiting.

C. Possible upper airway edema and pulmonary 
fibrosis.

D. Nitrous oxide can be used safely.

25. Which of the following is the most appropriate com-
bination of cancer type and its clinical characteristic?

A. Neuroblastoma and spinal cord compression
B. Osteosarcoma and liver metastasis as the most 

common metastatic site
C. Ewing sarcoma, resistance to radiation therapy
D. Retinoblastoma and high incidence of metastasis at 

the time of diagnosis

26. Which paraneoplastic syndrome is associated with 
neuroblastomas?

A. Carcinoid syndrome
B. Syndrome of inappropriate antidiuretic hormone 

secretion (SIADH)
C. Lambert–Eaton myasthenic syndrome (LEMS)
D. Opsoclonus-myoclonus-ataxia (OMA)

27. Patient with stage 4S neuroblastoma is scheduled for 
central line placement under anesthesia. Which condi-
tion is most likely to present in this patient?

A. Patient is an infant below 1 year of age.
B. Primary tumor is unresectable.
C. Tumor is metastases to cortical bone and bone marrow.
D. Patient overall survival is low (below 25%).

28. What is the most appropriate management for a 
patient with retinoblastoma?

A. CT is preferred to MRI for staging studies.
B. Enucleation is usually the preferred treatment for 

large tumors.
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C. Children who undergo enucleation for 
retinoblastoma do not required frequent follow-up 
due to low recurrent rate.

D. The metastatic evaluation should include a bone 
marrow examination (aspiration and biopsy), lumbar 
puncture, and radionuclide bone scan.

29. Which of the following is the characteristic of PANDAS 
(pediatric autoimmune neuropsychiatric disorder)?

A. Symptoms of obsessive-compulsive disorder (OCD) 
or tic disorders

B. Slow onset and episodic course of symptoms

C. Pediatric onset (between 1 and 5 years)
D. Exacerbated by group A staphylococcus (GAS) 

infection

30. Which of the following medications is safe to use in 
patients with acquired immunodeficiency syndrome?

A. Diazepam
B. Meperidine
C. Propofol
D. Pancuronium
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chaPter 10 ansWers

1. ANSWER: D

Methemoglobinemia is characterizied as a condition 
when red blood cells contain methemoglobin at levels 
higher than 1%. Methemoglobin results from the presence 
of iron in the ferric form (Fe 3+) instead of the usual fer-
rous form (Fe 2+). This results in a decreased delivery of 
oxygen to the tissues. Methemoglobinemia may be associ-
ated with exposure to nitrate-contaminated drinking 
water, aniline dyes, and amide-containing medications. 
Ortho-toluidine, a metabolite of prilocaine, also can 
induce methemoglobinemia.

Because the initial symptoms of methemoglobinemia 
can be vague, especially with low levels of methemoglo-
binemia, this condition can easily be misdiagnosed or go 
unrecognized. Lack of awareness of this condition often 
leads to delayed and missed diagnosis.

Cyanosis (presence of more than 5 g/dL of deoxygen-
ated hemoglobin) associated with hypoxia may be caused by 
cardiac or pulmonary disease. Cyanosis may also be pres-
ent in polycythemia but is generally without hypoxia. The 
hallmark of methemoglobinemia is cyanosis that is unre-
sponsive to high oxygen concentrations in the absence 
of cardiac or pulmonary disorders. Pulmonary diseases 
generally respond to oxygen administration, whereas car-
diac disease may not. Right-to-left shunts in the cardio-
vascular system, especially when large, do not respond to 
oxygen administration.

Acute methemoglobinemia can be life-threatening and 
usually is acquired as a consequence of exposure to toxins or 
drugs. Therefore, obtaining a detailed history of exposure 
to methemoglobinemia-inducing substances is important.

Symptoms are proportional to the fraction of met-
hemoglobin. A  normal methemoglobin fraction is about 
1% (range, 0–3%). At methemoglobin levels of 3%–15%, a 
slight discoloration (e.g., pale, gray, blue) of the skin may be 
present. Patients with methemoglobin levels of 15%–20% 
may be relatively asymptomatic, apart from mild cyanosis.

Signs and symptoms at levels of 25%–50% include 
headache, dyspnea, lightheadedness, syncope, weak-
ness, confusion, palpitations, and chest pain. If met-
hemoglobin levels reach 50%–70%, patient can have the 
following symptoms:

• Cardiovascular—Abnormal cardiac rhythms
• CNS—Altered mental status; delirium, seizures, coma
• Metabolic—Profound acidosis

At methemoglobin fractions exceeding 70%, death 
usually results.

The presence of methemoglobin can falsely elevate the 
calculated oxygen saturation when arterial blood gases 
(ABGs) are obtained. One possible clue to the diagnosis of 

methemoglobinemia is the presence of a “saturation gap.” 
This occurs when there is a difference between the oxygen 
saturation measured on pulse oximetry and the oxygen sat-
uration calculated on the basis of ABG results.

The partial pressure of oxygen (PO
2
) value of the ABG 

measurement reflects plasma oxygen content and does not 
correspond to the oxygen-carrying capacity of hemoglobin. 
It should be within the reference range in patients with 
methemoglobinemia.

Pulse oximetry is used extensively in the evaluation of 
patients with cyanosis and respiratory distress. Findings 
of bedside pulse oximetry in the presence of methemoglo-
binemia may be misleading. Pulse oximetry measurements 
with low levels of methemoglobinemia often result in 
falsely low values for oxygen saturation and are often 
falsely high in those with high-level methemoglobin-
emia. The reason for these inaccuracies is as follows.

The pulse oximeter only measures the relative absor-
bance of two wavelengths of light (660 nm and 940 nm) 
to differentiate oxyhemoglobin from deoxyhemoglobin. 
The ratio of absorption of light at each of these wavelengths 
is converted into oxygen saturation by using calibration 
curves. Methemoglobin increases absorption of light at both 
wavelengths (more at 940 nm) and therefore offers optical 
interference to pulse oximetry by falsely absorbing light.

As a result, oxygen saturations by pulse oximetry in met-
hemoglobinemia plateau at about 85%; therefore, a patient 
with a methemoglobin level of 5% and a patient with a level 
of 40% have approximately the same saturation values on 
pulse oximetry (~85%). The severity of the cyanosis does 
not correspond to the pulse oximetry reading:  A  patient 
may appear extremely cyanotic but still have a pulse oxim-
etry reading in the high 80s.

Co-oximetry should be performed if available. The 
co-oximeter is an accurate device for measuring methemo-
globin and is the key to diagnosing methemoglobinemia. It is 
a simplified spectrophotometer that can measure the relative 
absorbance of four different wavelengths of light and thus 
is capable of differentiating methemoglobin from carboxy-
hemoglobin, oxyhemoglobin, and deoxyhemoglobin. Newer 
co-oximeters can also measure sulfhemoglobin, which can 
be confused with methemoglobin by older devices.

K E Y FAC T S

• Methemoglobinemia is characterizied as a condition 
when red blood cells contain methemoglobin at levels 
higher than 1%.

• Methemoglobin results from the presence of iron in the 
ferric form (Fe 3+) instead of the usual ferrous form (Fe 
2+). This results in a decreased delivery of oxygen to the 
tissues.

• Methemoglobinemia may be associated with exposure to 
nitrate-contaminated drinking water, aniline dyes, and 
amide-containing medications.
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• Ortho-toluidine, a metabolite of prilocaine can induce 
Methemoglobinemia.
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2. ANSWER: A

Intravenous (IV) methylene blue is the first-line treat-
ment agent for methemoglobinemia. It is given in a dose 
of 1–2 mg/kg (up to a total of 50 mg in adults, adoles-
cents, and older children) as a 1% solution in IV saline over 
3–5 minutes. Administration may be repeated at 1 mg/
kg every 30 minutes as necessary to control symptoms. 
Methylene blue is itself an oxidant at doses greater than 7 
mg/kg and thus may cause methemoglobinemia in suscep-
tible patients; hence, careful administration is essential. The 
presence of methylene blue interferes with the accurate 
measurement of methemoglobin by co-oximetry; hence, 
this method cannot be used to monitor methemoglobin 
levels after treatment with methylene blue is initiated.

Methylene blue is contraindicated in patients with 
G6PD deficiency. Exchange transfusion and hyper-
baric oxygen treatment are second-line options for patients 
with severe methemoglobinemia whose condition does not 
respond to methylene blue or who cannot be treated with 
methylene blue (e.g., those with glucose-6-phosphate dehy-
drogenase [G6PD] deficiency). Because it requires G6PD to 
work, it is ineffective in G6PD-deficient patients with met-
hemoglobinemia. Additionally, methylene blue administra-
tion may cause hemolysis in these patients.

Exchange transfusion (which replaces abnormal 
hemoglobin with normal hemoglobin) may be considered 
for G6PD-deficient patients who are severely symptomatic 
or unresponsive to methylene blue.

Hyperbaric oxygen treatment is another option for 
situations where methylene blue therapy is ineffective or 
contraindicated. This approach permits tissue oxygenation 
to occur through oxygen dissolved in plasma, rather than 
through hemoglobin-bound oxygen. Mild cases can be 
treated with supplemental high-flow O2 and observation.

K E Y FAC T S

• A normal methemoglobin fraction is about 1% (range, 
0–3%). Symptoms are proportional to the fraction of 
methemoglobin.

• Co-oximetry is used for measuring methemoglobin, 
since oxygen saturations by pulse oximetry in 
methemoglobinemia plateau at about 85%.

• Intravenous methylene blue is the first-line antidotal 
agent (except in patients with G6PD deficiency), and 
exchange transfusion and hyperbaric oxygen treatment 
are second-line options.
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3. ANSWER: B

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is 
an X-linked recessive enzymopathy responsible for acute 
hemolysis following exposure to oxidative stress.

G6PD is an enzyme that catalyzes the first reaction in 
the pentose phosphate pathway, providing reducing power 
to all cells in the form of nicotinamide adenine dinucleo-
tide phosphate hydrogenase (NADPH). NADPH enables 
cells to counterbalance oxidative stress that can be trig-
gered by several oxidant agents and to preserve the reduced 
form of glutathione. Because red blood cells do not contain 
mitochondria, the pentose phosphate pathway is their only 
source of NADPH; therefore, defense against oxidative 
damage is dependent on G6PD.

Deficiency of this enzyme results in decreased produc-
tion of NADPH. NADPH protects cells from oxidative 
stress; thus, defective red blood cells (RBCs) are more sus-
ceptible to hemolysis by oxidative stress.

Variants of G6PD deficiency were grouped into five 
classes based on enzyme activity and clinical manifestations:

Class I: Severely deficient, associated with chronic non-
spherocytic hemolytic anemia

Class II: Severely deficient (1%–10% residual activity), 
associated with acute hemolytic anemia

Class  III:  Moderately deficient (10%–60% residual 
activity)

Class IV: Normal activity (60%–150%)
Class V: Increased activity (>150%)
Acute intravascular hemolysis starts 2–3  days fol-

lowing exposure. Recovery is marked by reticulocytosis. 
Laboratory findings following a hemolytic episode may 
include anemia, reticulocytosis, decreased serum hap-
toglobulin, and an elevated indirect bilirubin. Specific 
tests include enzyme levels in RBCs and Heinz body 
preparations.

The definitive diagnosis of G6PD deficiency is based on 
the estimation of enzyme activity, by quantitative spec-
trophotometric analysis of the rate of NADPH production 
from NADP.
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Testing for G6PD deficiency should be considered 
when an acute hemolytic reaction triggered by exposure 
to a known oxidative drug, infection, or ingestion of fava 
beans happens, either in children or in adults, particularly 
if they are of African, Mediterranean, or Asian descent. 
Moreover, members (especially males) of families in which 
jaundice, splenomegaly, or cholelithiasis are recurrent 
should be tested for G6PD deficiency.

In the intraoperative setting, G6PD deficiency does not 
usually cause problems provided that triggering agents are 
avoided in susceptible patients and precipitating causes are 
treated or eliminated.

Although these children can reduce methemoglobin 
that is normally produced by these agents, G6PD-deficient 
children may not be able to tolerate large amounts of potent 
oxidizing agents produced by methemoglobin.

Drugs that induce hemolysis in these patients are 
often used in anesthesia and perioperative pain manage-
ment. Those medications include prilocaine, benzo-
caine, and sodium nitroprusside. Administration of 
large or excessive doses of these medications can result in 
methemoglobinemia.

K E Y FAC T S

• Red blood cells depend on G6PD for production of 
NADPH, which protects cells from oxidative stress; 
thus, defective red blood cells (RBCs) are more 
susceptible to hemolysis by oxidative stress.

• Acute intravascular hemolysis occurs 2–3 days following 
exposure to a trigger, and laboratory findings include 
anemia, reticulocytosis, decreased serum haptoglobulin, 
and an elevated indirect bilirubin.

• Drugs that induce hemolysis (prilocaine, benzocaine, 
and sodium nitroprusside) should be avoided in G6PD 
because methemoglobinemia may result.
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4. ANSWER: C

The coagulation system in children is distinctly different 
from that in adults, and this difference is regarded as physi-
ological. The coagulation system in the newborn is consid-
ered to be immature, with many of the coagulation proteins 

reduced at birth. Coagulation factors do not cross the pla-
cental barrier but are synthesized independently by the con-
ceptus. At birth, activities of the vitamin K–dependent 
factors II, VII, IX, and X and the concentrations of the 
contact factors XI and XII are reduced to about 50% of 
normal adult values. The levels of the factors V, VIII, XIII, 
and fibrinogen are similar to adult values. Plasma concen-
trations of the naturally occurring anticoagulant proteins 
(antithrombin, protein C, and protein S) are significantly 
lower at birth than during the adult years. Plasminogen is 
reduced by approximately 50%. Platelet counts are within 
the normal range; regarding function, however, neonatal 
platelets seem to be hyporeactive. The von Willebrand fac-
tor concentration is increased (see Tables 10.1 and 10.2).

In general, a full-term neonate has a relative polycy-
themia, reticulocytosis, and leukocytosis compared 
with the child. The term neonate has prolongation of 
both prothrombin time (PT) and activated partial throm-
boplastin time (aPTT) owing to a relative deficiency in 
vitamin K-dependent factors. The neonate has decreased 
plasma concentration of proteins C and S, a condition that 
increases the likelihood of thrombosis. Compared to a term 
neonate, a preterm neonate has a 10% reduction in the 
plasma concentration of fibrinogen. The international nor-
malized ratio (INR), a normalized PT, has an average value 
of 1.0 through all age groups.

K E Y FAC T S

• At birth, activities of the vitamin K–dependent factors 
II, VII, IX, and X and the concentrations of the contact 
factors XI and XII are reduced to about 50% of normal 
adult values, leading to prolonged PT and aPTT.

• In general, a full-term neonate has a relative 
polycythemia, reticulocytosis, and leukocytosis 
compared with the child.

Table 10.1 Procoagulant ProteIns

PROTEIN COMMENT

factor II all the vitamin K depending clotting 
factors are low

at birth and reach adults values by 
6 months of age

(see Protein c and s in table 10.2)

factor vII

factor Ix

factor x

factor vIII normal at birth

factor xI normal at birth

factor xII normal at birth

von Willebrand factor 
[vWf]

normal at birth

factor xIII normal at birth

fibrinogen levels are normal at birth but a fetal 
fibrinogen due

to altered sialic acid content can prolong 
thrombin time
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• The neonate has decreased plasma concentration 
of proteins C and S, a condition that increases the 
likelihood of thrombosis.
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5. ANSWER: D

The hemostatic system in the newborn undergoes a 
dynamic development and reaches full maturity only 
after 6  months of age. The diagnostic approach to many 
hemostatic defects in the newborn is hence challenging and 
requires the appropriate interpretation of coagulation test 
results, according to several reference values dependent on 
the specific postnatal age.

Many of the proteins that regulate coagulation and 
thrombin generation are also decreased in early infancy.

K E Y FAC T S

• Antithrombin III and heparin cofactor II are markedly 
decreased to levels that might predispose to a 

spontaneous thromboembolic event. By 6 months of life, 
AT III level exceeds levels seen in adults.

• Alpha-2 macroglobulin levels at birth are greater than 
those of adults and remain so until the third decade 
of life.

• Protein C and protein S concentrations at birth are also 
substantially less than those seen in adults and remain 
low throughout childhood.

• Plasminogen levels increase to adult levels during 
childhood, but the TPA/PAI-1 ratio is significantly 
lower than that in adults, which explains the decrease 
in fibrinolysis in children. Fibrinolysis is suppressed 
throughout childhood.
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6. ANSWER: B

At birth, normal full-term infants have higher hemoglobin 
and hematocrit levels and larger red blood cells (RBCs) than 
do older children and adults. However, within the 1st week 
of life, a progressive decline in hemoglobin level begins and 
then persists for 6–8 weeks. The resulting anemia is known 
as the physiologic anemia of infancy. Several factors 
appear to be involved.

Physiologic anemia should be regarded as a developmen-
tal response of the infant’s erythropoietic system due to the 
interaction of several factors: a relative decrease in bone 
marrow erythropoietic activity due to the downregulat-
ing effect of increased oxygen supply in extrauterine life, 
a relative increase in the rate of hemolysis, and hemo-
dilution due to a rapid expansion of the blood volume. 
RBC count decreases until oxygen delivery is inadequate 
for metabolic demand and erythropoietin production is 
stimulated again. These factors tend to be more extreme in 
low-birth-weight infants and result in a more severe degree 
of anemia at an earlier age.

In healthy term infants, the RBC nadir typically 
occurs at 8 to 12 weeks of life and at a hemoglobin level 
of 9 to 11 g/dL.

Preterm infants also experience a decrease in 
hemoglobin concentration after birth, with a decline 
that typically is more abrupt and more profound than 
in term infants, reaching a hemoglobin level of 7 to  
9 g/dL at 3 to 6 weeks of age. This anemia of prematu-
rity is likely the result of lower hemoglobin levels at birth, 
decreased RBC life span, and a suboptimal erythropoietin 
response.

Table 10.2 natural antIcoagulants

PROTEIN COMMENT

Protein c low at birth and although in many cases 
it is normal by 6 months of age in some 
individuals it may take longer. heterozygous 
Protein c deficiency can be difficult to 
diagnose in the neonatal period due to 
the wide variation in levels. In contrast, 
homozygous deficiency is readily diagnosed 
due to a complete absence of Protein c.

Protein s total Protein s levels are low at birth. Protein 
s exists in the neonate primarily in the free 
form due to the low c4b binding protein. 
free Ps levels are low at birth and reach adult 
values at ~4 months of age.

antithrombin functional antithrombin levels are low at 
birth and may be further reduced in the sick 
neonate. levels normally reach adult values 
at ~3 months of age.

factor v leiden
Prothrombin 
g20201a 
mutation

These mutations should be sought be dna 
analysis (if this is indicated). aPcr screening 
assays can be unreliable due to the variation 
in fvIII levels in the neonate.

Plasminogen Plasminogen levels are low at birth (~50% that 
of the adult).

α
2
-macroglobulin levels are raised in children.
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Hemoglobin values of this degree should be considered 
nonpathologic and do not require special therapy or blood 
transfusion. A  number of pathologic processes may be 
superimposed upon physiologic anemia, producing a more 
severe degree of anemia.

Most hematologic values reach adult norms by the end of 
infancy, although some continue to change gradually into the 
second decade. All of these changes underscore the impor-
tance of laboratory reports with age-adjusted standards.

K E Y FAC T S

• Within the 1st week of life occurs a physiologic anemia 
of infancy, a progressive decline in hemoglobin level that 
persists for 6–8 weeks.

• Preterm infants also experience a decrease in hemoglobin 
concentration after birth, with a decline that typically is 
more abrupt and more profound than in term infants.

• Physiologic anemia occurs because there is a relative 
decrease in bone marrow erythropoietic activity, a relative 
increase in the rate of hemolysis, and hemodilution due 
to a rapid expansion of the blood volume.
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7. ANSWER: C

Please refer to answer of question #6 above.

8. ANSWER: A

Plasma or blood components are biological products prepared 
by differential centrifugation of whole blood or plasma in a 
blood center or hospital laboratory. The major plasma com-
ponents used in transfusion medicine include fresh-frozen 
plasma (FFP), plasma frozen 24 rather than 8 hours after 
collection, thawed plasma, and cryoprecipitate (cryo). FFP is 
employed in an initial intravenous dose of 10 to 15 mL/
kg of body weight. It should not be used as a source of albu-
min or other nutrients, or as a volume expander.

Guidelines for transfusion of other blood products, 
notably FFP, have been established. Indications for the use 
of FFP must be carefully followed.

K E Y FAC T S

• FFP may be needed for inherited factor XI deficiency 
or as a source of factor V in severe cases of disseminated 

intravascular coagulation (DIC) when platelet 
concentrates and cryoprecipitate do not correct the 
factor V, VIII, and fibrinogen consumption defects.

• FFP (or, alternatively, prothrombin complex 
preparations that contain adequate amounts of factor 
VII) may be needed to correct a bleeding condition 
caused by a deficiency of multiple coagulation factors, 
such as is seen in warfarin overdose, vitamin K 
deficiency, liver failure, or dilutional coagulopathy 
following massive transfusion, or for reversing warfarin 
in preparation for an invasive procedure.

• FFP should not be used as primary therapy for a specific 
coagulation defect (e.g., hemophilia A, hemophilia B, 
factor VII deficiency) when specific coagulation factor 
concentrates are available.

• Available studies do not support the efficacy of FFP 
in treating bleeding or as prophylaxis for invasive 
procedures in patients with a mild coagulopathy (i.e., 
INR < 2.0).
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9. ANSWER: C

Perioperative morbidity and mortality are greater in chil-
dren with sickle cell disease than in the general population. 
These children often require surgical procedures, the most 
common being cholecystectomy, ear, nose, and throat pro-
cedures, and orthopedic procedures.

Though cerebral infarction is the most frequent neu-
rological complication that occurs with sickle cell disease, 
a number of other potentially devastating central nervous 
system (CNS) sequelae have also been described. These 
include intracranial hemorrhage, isolated neuropathies, 
transverse myelitis, auditory and ocular manifestations, 
and spinal cord involvement.

In the group of over 600 patients managed according to 
standard guidelines of care and prospectively studied, the 
incidence of “sickle cell events,” that is, ACS and pain cri-
sis, was 10% and 5%, respectively. Patient factors (e.g., age, 
history of pulmonary disease, number of prior hospitaliza-
tions), as well as surgical factors (i.e., laparoscopic cholecys-
tectomy and splenectomy), on perioperative morbidity and 
mortality are as yet unclear.

Although there is no evidence to support or refute many 
of the long-standing guidelines for perioperative care, it 
seems appropriate to avoid those specific factors that may 
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promote intravascular sickling: hypoxia, acidosis, hyper-
thermia, hypothermia, and dehydration.

It is generally recommended at this time that most 
children with HbSS undergoing most surgical procedures 
receive preoperative correction of anemia with simple 
transfusion to hemoglobin of approximately 10 g/dL and 
hemoglobin S to approximately 60%. No standard prac-
tice guidelines have been developed for patients undergo-
ing minor procedures or for patients with hemoglobin SC 
disease.

A conservative transfusion regimen was as effec-
tive as an aggressive regimen in preventing perioperative 
complications in patients with sickle cell anemia, and 
the conservative approach resulted in only half as many 
transfusion-associated complications.

Children maintained on chronic transfusion programs 
should continue such management preoperatively. The goal 
of chronic transfusion therapy programs is to maintain 
the hemoglobin S at 30%–50%, depending on the spe-
cific disorder. Transfusions are usually repeated every 3–4 
weeks. Chronic transfusion therapy for children who suf-
fer vaso-occlusive stroke decreases the recurrent stroke rate 
from 90% to less than 10%. Initially, the hemoglobin S level 
is maintained at 30% or less for approximately 5 years.

Given the high rate and risk of alloimmunization in the 
sickle cell population, blood to be administered to sickle 
cell patients should undergo extended phenotype match-
ing, leukocyte reduction, and sickle cell screening.

Anesthetic technique does not clearly have an impact on 
perioperative outcome in children with sickle cell disease. 
Hyperventilation should be avoided because of its potential 
to reduce cerebral perfusion in children at an increased risk 
of stroke. Maintenance of normal body temperature is also 
probably advisable during the anesthetic management of 
patients with SCD. Whereas hypothermia inhibits oxygen 
unloading at the tissue level and in this sense might be pro-
tective against Hb polymerization, it also results in vasocon-
striction in vascular bed and prolongs vascular transit time, 
thus promoting Hb polymerization. Hyperthermia pro-
motes oxygen unloading at the tissue level and may be associ-
ated with vasoconstriction or vasodilation. Close monitoring 
and maintenance of normal body thermal homeostasis are 
the basis tenets of critical care and anesthesia management.

K E Y FAC T S

• It is generally advised to avoid those specific factors that 
may promote intravascular sickling: hypoxia, acidosis, 
hyperthermia, hypothermia, and dehydration.

• Chronic transfusion therapy for children who suffer 
vaso-occlusive stroke decreases the recurrent stroke rate 
from 90% to less than 10%.

• Hyperventilation should be avoided because of its 
potential to reduce cerebral perfusion in children at an 
increased risk of stroke.

• Close monitoring and maintenance of normal body 
thermal homeostasis are the basis tenets of critical care 
and anesthesia management.
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10. ANSWER: C

Hematopoietic stem-cell transplantation (HSCT) is 
used primarily for hematologic and lymphoid cancers 
but also for many other disorders. HSCT is now a poten-
tially curative treatment for a wide range of malignant and 
nonmalignant pediatric disorders. Hematopoietic stem 
cells utilized in the transplantation can be obtained 
from bone marrow, “mobilized” peripheral blood, or 
umbilical cord blood. The source of the cells may be the 
child (autologous), an identical twin (syngeneic), or another 
individual (allogeneic). Outcomes vary according to the 
type and stage of disease, the age and functional level of the 
patient, the source of the stem cells to be transplanted, and 
the degree of HLA mismatch.

Stem cells, including hematopoietic stem cells, have 
the unique capacity to produce some daughter cells 
that retain stem-cell properties; they do not become spe-
cialized and thus are self-renewing—a lifetime source of 
blood cells.

The chemotherapy used to treat cancers acts primarily 
on proliferating cells. Normal and malignant stem cells, 
however, are quiescent and therefore insensitive to therapy. 
Some malignant stem cells survive even lethal doses of 
total-body irradiation and chemotherapy given in prepara-
tion for hematopoietic stem-cell transplantation. However, 
such cells may be eliminated by immunologically active 
donor cells.

Allogeneic grafts initiate immune reactions related to 
histocompatibility. The severity of the reaction depends 
on the degree of incompatibility, which is determined by a 
complex biology in which polymorphic class I and class II 
HLA cell surface glycoproteins bind small peptides from 
degraded proteins. Acute or chronic graft rejection can 
occur as a reaction of recipient T cells with foreign 
donor antigens. In contrast, during graft-versus-host 
disease (GVHD), donor T cells recognize recipient 
antigens as incompatible. In general, only irradiated, 
leukocyte-reduced, cytomegalovirus-negative (where 
the recipient is cytomegalovirus negative) blood com-
ponent should be administered, and blood typing 
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is dependent on engraftment of donor antigens. It is 
critical to coordinate the choice of blood product with the 
transplant service because often blood type changes from 
that of recipient to that of donor.

Bone marrow obtained by repeated aspiration of the 
posterior iliac crests while the donor is under general or 
local anesthesia was the first source of hematopoietic stem 
cells. Discomfort from the harvesting procedure usually dis-
appears within 2 weeks, and serious effects are rare. There is 
little evidence to support the avoidance of nitrous oxide 
for harvesting procedures, a concern raised in the past due 
to the ability of nitrous oxide to affect methionine synthase 
activity and, thereby, DNA synthesis.

If transplantation is urgent or if suitable donors are 
not found, cord blood, which can be procured both easily 
and safely, can be used. Blood from the umbilical cord and 
the placenta is rich in hematopoietic stem cells but limited 
in volume. It is collected immediately after birth and then 
frozen. Because hematologic and immunologic reconstitu-
tion is slow in transplanted cord blood, infection is com-
mon soon after transplantation. The transplantation of 
cord blood requires less stringent HLA matching than 
does the transplantation of adult peripheral blood or mar-
row, because mismatched cord-blood cells are less likely to 
cause GVHD, without losing the graft-versus-leukemia 
effect.

Mucositis is an important problem of hematopoi-
etic stem-cell transplantation. In the short term, it is the 
most common complication of myeloablative preparative 
regimens and methotrexate (used to prevent GVHD). 
Oropharyngeal mucositis is painful and can involve the 
supraglottic area and require intubation. Intestinal muco-
sitis causes nausea, cramping, and diarrhea and may require 
parenteral nutrition.

The second most common acute adverse effect is a 
potentially fatal syndrome of painful hepatomegaly, jaun-
dice, and fluid retention, traditionally called hepatic 
veno-occlusive disease. However, the term “sinusoidal 
obstruction syndrome” is more accurate, because damaged 
sinusoidal endothelium sloughs and then obstructs the 
hepatic circulation, injuring centrilobular hepatocytes. In 
severe sinusoidal obstruction syndrome, renal and respira-
tory failure may occur.

Transplantation-related lung injury occurs within 
4 months after the procedure, and the mortality rate exceeds 
60%. Risk factors include total-body irradiation, allogeneic 
transplantation, and acute GVHD, suggesting that donor 
lymphocytes target the lung.

Transplantation-related infections result from damage 
to the mouth, gut, and skin from preparative regimens as 
well as from catheters, neutropenia, and immunodefi-
ciency. Host defenses, both immunologic and physical, are 
impaired throughout the transplantation process. Children 
are vulnerable to a wide range of routine and opportunistic 
pathogens, including bacteria, fungi, and viruses.

K E Y FAC T S

• In patients who underwent a hematopoietic stem-cell 
transplantation, only irradiated, leukocyte-reduced, 
cytomegalovirus-negative (where the recipient is 
cytomegalovirus negative) blood component should 
be administered, and blood typing is dependent on 
engraftment of donor antigens.

• Acute or chronic graft rejection can occur as a reaction 
of recipient T cells with foreign donor antigens.

• During graft-versus-host disease (GVHD), donor T cells 
recognize recipient antigens as incompatible.

• There is little evidence to support the avoidance of 
nitrous oxide for harvesting procedures, a concern 
raised in the past due to the ability of nitrous oxide to 
affect methionine synthase activity and, thereby, DNA 
synthesis.

• Problems of hematopoietic stem-cell transplantation 
include infections, mucositis, hepatic veno-occlusive 
disease, and lung injury.
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11. ANSWER: D

Graft-versus-host disease (GVHD) is the most important 
complication of allogeneic hematopoietic stem-cell trans-
plantation. GVHD is the clinical manifestation of the rec-
ognition of recipient alloantigen by donor T cells.

Acute GVHD is a clinical syndrome that usually devel-
ops in 40% to 60% of patients receiving HSCT by 60 to 
100 days after allogeneic HSCT. It is characterized by the 
development of erythematous skin rash; hepatic involve-
ment with cholestatic jaundice; GI disease marked by the 
presence of abdominal pain, excessive vomiting, ileus, bleed-
ing, and diarrhea; fever, thrombocytopenia, and anemia; 
and occasional pulmonary involvement with vascular leak.

GVHD and its treatment with corticosteroids cause 
profound immunodeficiency, predisposing the patient to 
fatal infection. The principal risk factor is HLA mismatch, 
but GVHD may occur despite an HLA-matched donor 
and the use of preventive measures. If prophylaxis is not 
provided, serious acute GVHD affects almost every recipi-
ent. The risk of GVHD is greatly reduced by short-term 
treatment with methotrexate plus treatment with cyclo-
sporine for several months. The incidence of GVHD can 
be reduced by in vitro T-cell depletion of the graft before 
transplantation, but this does not improve disease-free 

 

 

 

 

https://kat.cr/user/Blink99/



10 .   heMatology/oncology  •   277

survival, because the rates of graft rejection and relapse 
increase. Gene modification of donor T cells is a poten-
tial means of treating GVHD.

Most survivors of transplantation are active and healthy, 
but some delayed complications, particularly chronic 
GVHD, can be serious. Chronic GVHD is a distinctive 
syndrome that resembles autoimmune collagen vascular 
disease, with manifestation evident in every organ of the 
body. Chronic GVHD occur in 20% to 40% of patients 
who have undergone HSCT and may occur as an extension 
of acute GVHD, or it may occur in an absence of preceding 
GVHD. The diagnosis is occasionally made after day 100 
of HSCT and is rarely made after more than 500 days after 
HSCT. The risk increases with recipient and donor age 
and is increased for peripheral-blood grafts or grafts from 
unrelated donors. Chronic GVHD is associated with loss of 
self-tolerance and often resembles scleroderma or Sjögren 
syndrome. Chronic GVHD can cause bronchiolitis, kera-
toconjunctivitis sicca, esophageal stricture, malabsorption, 
cholestasis, hematocytopenia, and generalized immunosup-
pression. Treatment with corticosteroids may be needed 
for 2 years or longer. Corticosteroids can cause a variety of 
complications, including aseptic necrosis of bone and osteo-
porosis, and may predispose the patient to fatal infections. 
If severe hypogammaglobulinemia occurs, treatment with 
intravenous immune globulin can reduce infections.

K E Y FAC T S

• GVHD is the clinical manifestation of the recognition 
of recipient alloantigen by donor T cells.

• Acute GVHD is a clinical syndrome characterized by 
the development of erythematous skin rash, hepatic 
involvement with cholestatic jaundice, GI disease 
marked by abdominal pain, excessive vomiting, ileus, 
bleeding, and diarrhea, fever, thrombocytopenia, and 
anemia, and occasional pulmonary involvement with 
vascular leak.

• The risk of GVHD is greatly reduced by short-term 
treatment with methotrexate plus treatment with 
cyclosporine for several months.

• Chronic GVHD is a distinctive syndrome that 
resembles autoimmune collagen vascular disease, with 
manifestation evident in every organ of the body. 
Treatment with corticosteroids may be needed for 
2 years or longer.
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12. ANSWER: C

Normal body tissues vary in their response to radiation. 
As with tumors, normal tissues in which cells are quickly 
dividing may be affected. This causes some of the side effects 
of radiation treatment. Since radiation is a local treatment, 
side effects depend on the area of the body being treated. 
The early effects of radiation may be seen a few days or 
weeks after treatments have started and may go on for sev-
eral weeks after treatments have ended. Other effects may 
not show up until months, or even years, later.

Fatigue is a common effect of radiation, but the exact 
cause is unknown. Fatigue may also be caused by anemia 
(a low red blood cell count), poor nutrition, pain, certain 
drugs such as steroids or chemotherapy, depression, and 
stress.

Mucositis is a short-term side effect that can happen 
when radiation is given to the head and neck area. It usually 
gets better within a few weeks after treatments end. Dry 
mouth and a loss of taste can be caused by radiation dam-
age to the salivary glands and taste buds.

Radiation therapy to large areas of the brain can some-
times cause changes in brain function.

Sometimes a large area of dead cells, called radiation 
necrosis, forms at the site of the radiation in the brain. This 
can happen months to years after radiation is given, and it can 
cause symptoms like seizures, mental status changes, head-
aches, trouble speaking or walking, and other changes.

When radiation treatments include the chest, it can 
affect the lungs. One early change is a decrease in the lev-
els of surfactant. This may cause shortness of breath or 
a cough.

Radiation pneumonitis occurs in about 5% to 20% 
of people who get radiation therapy to the chest for lung 
cancer, breast cancer, lymphomas, or other cancers. This 
inflammation may occur from about 6 weeks to 6 months 
after completing external radiation therapy. Common 
symptoms include shortness of breath, chest pain, cough, 
and fever. Another possible effect that radiation can have 
on the lungs is fibrosis. This problem may show up months 
or even years after treatment.

Several phases of lung injury are described:

1. Latent or early phase occurs within 1 to 2 months of 
exposure.

2. Exudative phase occurs 4 to 6 months afterward, 
and symptoms of pneumonitis develop.

3. Late phase is heralded by the development of 
pulmonary fibrosis from 6 to 12 months after 
exposure.

Factors that influence the development of pulmonary 
toxicity include the total dose of irradiation, volume of lung 
treated, fraction size, and patient age at the time of treat-
ment. Toxicity usually does not occur until more than 30 
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Gy are delivered to more than 50% of the lung when radia-
tion is used alone in adults.

The mechanism of injury appears to be different in 
children younger than 3 years of age, in whom interference 
with lung and chest wall growth may occur. In these chil-
dren, restrictive lung disease has developed with radiation 
doses as low as 11 to 14 Gy.

K E Y FAC T S

• Side effects of radiation include fatigue, mucositis, 
radiation necrosis, radiation pneumonitis, and 
pulmonary fibrosis.

• Factors that influence the development of pulmonary 
toxicity include the total dose of irradiation, volume of 
lung treated, fraction size, and patient age at the time of 
treatment.

• In children younger than 3 years of age, restrictive lung 
disease has developed with radiation doses as low as 11 
to 14 Gy.
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13. ANSWER: C

Please refer to answer of question #12 above.

14. ANSWER: D

Chemotherapy forms an important aspect of cancer treat-
ment. With an increased number of patients surviving for 
a longer period of time, a number of patients who have 
received chemotherapy may be subjected to elective and 
emergency surgery; therefore, it is essential to know the 
effects of the chemotherapeutic agents on normal organ sys-
tems. The toxicity of cancer chemotherapy drugs and their 
relevance to perioperative anesthesia management relate to 
the specific agents used, their cumulative dosage, and drug 
toxicity. The most common toxicities to chemotherapeutic 
agents include cardiac, pulmonary, hematologic, bone mar-
row, and gastrointestinal effects. Coagulopathies, throm-
bocytopenia, and anemia with ulceration and bleeding of 
the gastrointestinal tract may often occur.

Perioperative management of patients with cancer 
should take into account whether they have received recent 
chemotherapy, in case of immunosuppression and the need 

to treat infection, or perioperative infection that frequently 
affects neutropenic cancer patients receiving emergency 
surgery.

Azathioprine is an antimetabolite immunosupressor 
frequently used during renal transplantation surgery that 
might interact with anesthetic drugs, such as nondepolar-
izing muscle relaxants.

Bleomycin is a widely used cytotoxic antibiotic. The 
main problem associated with the use of this drug is pro-
gressive pulmonary fibrosis. This disease is dose related, 
taking place more commonly at cumulative doses greater 
than 300,000 U and in elderly individuals. Patients who 
have received extensive treatment with bleomycin (e.g., a 
cumulative dose of more than 100,000 U) could be at risk 
of developing respiratory failure if a general anesthetic is 
given with high concentrations of inspired oxygen.

Cyclophosphamide is an alkylating drug that is exten-
sively used in the treatment of chronic lymphocytic leu-
kemia, lymphomas, and many solid tumors. The effects of 
cyclophosphamide, a pseudocholinesterase inhibitor, could 
last for 3–4 weeks from the end of its use.

Doxorubicin is a cytotoxic antibiotic and anthracy-
cline that is used to treat acute leukemias, lymphomas, and 
various solid tumors. Supraventricular tachycardia related 
to use of this drug is a rare complication. High cumulative 
doses are associated with cardiomyopathy, and total cumu-
lative doses are usually restricted to 450 mg/m2 because 
symptomatic and potentially fatal heart failure is common 
at increased doses. Patients with cardiac disease, elderly 
people, and those given myocardial irradiation should be 
treated with caution.

Methotrexate is used as a maintenance treatment 
for childhood acute lymphoblastic leukemia. Other uses 
include choriocarcinoma, non-Hodgkin’s lymphoma, and 
several solid tumors. Intrathecal methotrexate is used in 
CNS prophylaxis of acute lymphoblastic leukemia in child-
hood and as a therapy for established meningeal cancer or 
lymphoma. It inhibits the enzyme dihydrofolate reductase, 
which is essential for the synthesis of purines and pyrimi-
dines. It is given by mouth, intravenously, intramuscularly, 
or intrathecally. Methotrexate used for maintenance ther-
apy in children with acute leukemia may promote the devel-
opment of hepatic cirrhosis and fibrosis.

Cisplatinum, a commonly used anticancer drug, has 
been found to produce toxic effects like nephrotoxicity, 
myelosuppression, neuropathy in stocking and glove distribu-
tion, and auditory and visual impairment. The dose-limiting 
factor for single-agent use is nephrotoxicity. Approximately 
30% of patients receiving cisplatinum will develop nephro-
toxicity, especially if the hydration is not properly controlled. 
It causes coagulation necrosis of proximal and distal renal 
tubular epithelial cells and in the collecting ducts, leading 
to a reduction in the renal blood flow and glomerular fil-
tration rate (GFR). Acute renal failure can result within 24 
hours of administration of a single dose of cisplatinum. The 
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newer analogues of cisplatinum, such as carboplatinum and 
oxaloplatinum, are less nephrotoxic with equal efficacy in 
controlling the malignancy. Approximately 50% of patients 
receiving cisplatinum will display neurotoxicity depending 
on dose and treatment duration. It generally takes the form 
of paresthesias. Continued treatment will lead to loss of deep 
tendon reflexes, vibration sense, and sensory ataxia.

Etoposide is a topoisomerase II inhibitor. Topoisomerase 
enzymes are critical for unwinding of DNA during replica-
tion. Etoposide has only mild activity as a single agent but 
because of its synergy with other agents is always used in 
combination regimens. This agent shows phase-specific 
activity for cells in the dividing phase. Etoposide can cause 
myelosuppression and has been associated with broncho-
spasm, hypotension, and ileus.

Tacrolimus is a calcineurin inhibitor commonly used as 
an immunosuppressant for organ transplantation. Patients 
receiving tacrolimus or cyclosporine immunosuppressive 
therapy should have a focused airway assessment performed, 
or in the event of emergent intubation, the anticipation of 
a possible difficult airway. Tacrolimus and cyclosporine 
therapy have been known to cause posttransplant lym-
phoproliferative disease, with a prevalence of up to 4% in 
the pediatric posttransplant population. Affected tissues 
include lymph nodes, tonsils, and extranodal organs such as 
the liver. Tacrolimus is also known to have effects on liver 
function and cause renal vasoconstriction, which may lead 
to a dose-related decrease in renal blood flow and glomerular 
filtration rate. Methotrexate causes the acute nephrotoxicity 
as a result of its intratubular precipitation. Before surgery, 
the anesthesia team should evaluate both hepatic and renal 
function to assess the potential impact on drug selection.

Some drugs, such as vasopressin, carbamazepine, oxy-
tocin, vincristine, vinblastine, cyclophosphamide, pheno-
thizianes, tricyclic antidepressant agents, narcotics, and 
monoamine oxidase inhibitors, can also induce SIADH.

Systems-based chemotherapy toxicities and commonly 
associated chemotherapy drugs are listed in Table 10.3.
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15. ANSWER: A

Please refer to answer of question #14 above.

16. ANSWER: A

Please refer to answer of question #14 above.

17. ANSWER: A

Anthracyclines (duanorubicin, doxorubicin, and idarubi-
cin) cause cardiomyopathy (presenting as clinically evident 
congestive heart failure in about 10% of children receiving 
400–500 mg/M2), a condition potentially made worse if 
the precordium is involved in a radiation therapy field.

Children receiving anthracyclines should be evaluated 
with echocardiography at baseline and intermittently dur-
ing the course of therapy and for a prolonged period after 
therapy because anthracycline-induced cardiac failure can 
take years to fully declare itself. Pediatric studies indicate 
a continuous deterioration of cardiac function for up to 
30 years after treatment.

At first, anthracycline-associated cardiotoxicity was 
thought of as a cumulative dose-related form of congestive 
heart failure (CHF) that was rapidly progressive if use of 
the agent was continued. Increased awareness of subclini-
cal cardiac impairment resulting from these agents has 
led to improved screening as well as a better perspective 
of the inherent toxicity of these agents. Today’s definition 
has expanded from the clinical events of cardiac failure to 
include a wide spectrum of predefined laboratory values 
even when patients may be asymptomatic. These include his-
tological changes in the cardiomyocytes and changes in left 

Table 10.3 systeMs-Based cheMotheraPy 
toxIcItIes and coMMonly assocIated 
cheMotheraPy drugs

ORGAN SYSTEM ASSOCIATED CHEMOTHER APY DRUGS

Pulmonary toxicity cytotoxic antibiotics (e.g., bleomycin, 
mitomycin-c, and doxorubicin), 
nitrosureas (e.g., lomustine), alkylating 
agents (e.g., cyclophosphamide, 
ifosfamide, melphalan, chlorambucil), 
antimetabolites (e.g., methotrexate, 
azathioprine, cytarabine, fludarabine), 
plant alkaloids (e.g., vincristine, 
vinblastine, etoposide), biological 
response modifiers (e.g., gM-csf, 
interleukin-2, interferon, Bcg), 
others: taxol

cardiotoxicity cytotoxic antibiotics; plant alkaloids; 
alkylating agents; others: 5-fluorouracil, 
cisplatin, interferon, interleukin-2, taxol

hepatotoxicity nitrosureas; antimetabolites; cytotoxic 
antibiotics; others: 5-fluorouracil, 
vincristine, cisplatin

nephrotoxicity nitrosureas; others: bleomycin, cisplatin, 
cyclophosphamide, ifosfamide, 
methotrexate, mitomycin c, vincristine

BCG, Bacillus Calmette–Guerin; GM-CSF, granulocyte macrophage 
colony-stimulating factor.

SOURCE: From Allan N, Siller C, Breen A. Anaesthetic implications of 
chemotherapy. Contin Educ Anaesth Crit Care Pain. 2012;12(2):52–6. 
Reprinted with permission.
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ventricular ejection fraction (LVEF) based on either radio-
nuclide ventriculography (RNVG) or two-dimensional 
(2D) echocardiography. Even transient changes previously 
thought to be not of any major clinical significance, for 
instance, daunorubicin-induced myocarditis/pericarditis 
will now be considered as anthracycline-induced car-
diomyopathy. The general consensus is that a decrease in 
LVEF by more than 20 percentage points to a value >50%, 
a decrease in LVEF by more than 10 percentage points to 
a value <50%, or clinical manifestations with signs and 
symptoms of CHF constitute cardiotoxicity. Although 
anthracycline-induced cardiotoxicity is usually character-
ized by heart failure, cardiac arrhythmias might be the first 
manifestation in some patients.

The recognized risks in adults besides the cumulative 
anthracycline dose include age (elderly and young), medi-
astinal irradiation or radiotherapy to the left chest, other 
cardiac risk factors such as hypertension, female gender 
(especially in the pediatric population), previous exposure 
to any anthracycline, coadministration of other anticancer 
drugs, and methods of administration (bolus vs. protracted 
infusion).

As with adults, the main risk factor in children is the 
total anthracycline dose. In contrast to adults, the use of 
infusion as compared to bolus administration schedules has 
not been associated with reduced cardiotoxicity in child-
hood cancer survivors.

Anthracycline cardiotoxicity can be divided into acute/
subacute and late/chronic:

• Acute/subacute cardiovascular complications can arise 
any time from the initiation of therapy to several weeks 
after treatment termination.

• Chronic cardiotoxicity, which is typically manifested as 
clinical heart failure or subclinical decline in myocardial 
function, may present early, within 1 year after 
termination of chemotherapy, or late-delayed, becoming 
evident beyond 1 year posttreatment.

Regardless of its timing, chronic cardiomyopathy gen-
erally begins as asymptomatic diastolic or systolic dysfunc-
tion, and progresses to heart failure, which may be fatal. 
The relationship between acute toxicity and the subsequent 
development of chronic cardiotoxicity is unclear.

Guidelines for monitoring and drug discon-
tinuation from expert groups:  Noninvasive monitor-
ing of cardiac function during anthracycline therapy is 
endorsed by the American Heart Association/American 
College of Cardiology (AHA/ACC) in conjunction with 
the American Society for Nuclear Cardiology and the 
American Society for Echocardiography (ASE).

The use of echocardiography at baseline and for reevalu-
ation examinations to monitor patients exposed to anthra-
cyclines was given a class I recommendation by a 2003 task 
force of the ACC, the AHA, and the ASE.

However, these guidelines do not provide information 
on the optimal parameter to be followed, how frequently 
monitoring should be done, or the appropriate manner in 
which to proceed after a patient had an abnormal reading. 
There is no consensus on these issues and few formal guide-
lines (Fig. 10.1).

K E Y FAC T S

• Children receiving anthracyclines should be evaluated 
with echocardiography at baseline and intermittently 
during the course of therapy and for a prolonged 
period after therapy because anthracyclines-induced 
cardiac failure can take years to fully declare itself.

• The general consensus is that a decrease in LVEF by 
more than 20 percent to a value >50%, a decrease in 
LVEF by more than 10 percentage points to a value 
<50%, or clinical manifestations with signs and 
symptoms of CHF constitute cardiotoxicity.
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18. ANSWER: A

Please refer to answer of question #17 above.

Abnormal End Rx
ECG & echo yearly

RNA & 24 hr taped ECG
every 5 years

Normal End Rx
ECG & echo every 2 years
RNA & 24 hr taped ECG

every 5 years

After Completion of �erapy
ECG & echo 3–6, and 12 months post Rx

RNA 1 year post Rx

Anthracycline ≥ 400 mg/M2

ECG & RNA before every course

Anthracycline ≥ 300 mg/M2

RT < 1000 cGy
Echo before every course

Anthracycline ≥ 300 mg/M2

RT < 1000 cGy
Echo & RNA before every course

Anthracycline < 300 mg/M2

Echo before every other course

Baseline
ECG

Echo ± RNA

figure 10.1 Guidelines for the use of echocardiography at baseline 
and for reevaluation examinations to monitor patients exposed to 
anthracyclines.
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19. ANSWER: D

Wilms tumor or nephroblastoma is the most common 
renal malignancy in children and the fourth most common 
childhood cancer, occurring with an incidence, consistent 
throughout the world, of 5.0 to 7.8 per 1 million children less 
than 15 years of age. In contrast, renal cell carcinoma is more 
common in the 15- to 19-year-old age group. Wilms tumor 
accounts for about 6% of all malignancies in childhood.

The incidence is equal in the two genders. The risk of 
developing Wilms tumor varies among ethnic groups, with 
a greater risk in African Americans and a lower risk in the 
Asian population.

The peak age at diagnosis is between 1 and 3 years. Wilms 
tumor occurs bilaterally in 5% of patients. Wilms tumor is 
primarily a sporadic disease, and only 1% to 2% of individu-
als with Wilms tumor have a relative with the disease. In 
some children, Wilms tumor occurs as a part of a multiple 
malformation syndrome. These syndromes include WAGR, 
Denys-Drash, and Beckwith-Wiedemann syndromes.

WAGR syndrome—WAGR syndrome refers to the 
syndrome of Wilms tumor, aniridia, genitourinary (GU) 
anomalies, and intellectual disability (mental retardation). 
Children with this syndrome have a constitutional chro-
mosomal deletion of the WT1 gene located at 11p13. The 
WT1 gene product is a transcription factor involved in 
both gonadal and renal development. Children with WT1 
deletions, including WAGR syndrome, have a greater than 
20% risk of developing Wilms tumor.

Denys-Drash syndrome—The Denys-Drash or just 
Drash syndrome is a triad of progressive renal disease, male 
pseudohermaphroditism, and Wilms tumor. Affected indi-
viduals have a germline point mutation in the eighth or 
ninth exon of the WT1 gene, which results in an amino acid 
substitution, and almost all patients (90%) will develop 
Wilms tumor. The underlying renal pathology is diffuse 
mesangial sclerosis, which presents in infancy with protein-
uria and progresses to nephrotic syndrome and renal failure.

Beckwith-Wiedemann syndrome—Patients with the 
Beckwith-Wiedemann syndrome have a 5% to 10% chance 
of developing Wilms tumors. The major clinical features 
of Beckwith-Wiedemann syndrome include macrosomia, 
macroglossia, omphalocele, prominent eyes, ear creases, 
large kidneys, pancreatic hyperplasia, and hemihypertrophy.

A number of cancers are more common in individuals 
who have neurofibromatosis type 1. These include various 
types of malignant brain tumors, as well as leukemia and 
cancerous tumors of certain muscles (rhabdomyosarcoma), 
the adrenal glands (pheochromocytoma), or the kidneys 
(Wilms tumor).

The signs and symptoms associated with Wilms tumor 
are variable. The most frequent finding is an increased 
abdominal girth with a palpable abdominal mass (85%). 
Hypertension occurs in 60% of patients, and hematuria is 
present in 10% to 25%.

K E Y FAC T S

• Wilms tumor or nephroblastoma is the most common 
renal malignancy in children and the fourth most 
common childhood cancer.

• In some children, Wilms tumor occurs as a part 
of a multiple malformation syndrome. These 
syndromes include WAGR, Denys-Drash, and 
Beckwith-Wiedemann syndromes.

• The signs and symptoms associated with Wilms tumor 
are variable. The most frequent finding is an increased 
abdominal girth with a palpable abdominal mass (85%). 
Hypertension occurs in 60% of patients, and hematuria 
is present in 10% to 25%.

reference

Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for 
Infants and Children. 8th ed. St. Louis, MO:  Elsevier Mosby; 
2011:Chapter 23.

20. ANSWER: B

Pheochromocytoma is a catecholamine-secreting tumor 
of chromaffin cells that most commonly arises in the 
adrenal medulla. It may be found anywhere along the 
abdominal sympathetic chain, but it is most commonly 
near the aorta at the inferior mesenteric artery or the aor-
tic bifurcation.

The abnormally high plasma levels of epinephrine and 
norepinephrine produce a clinical syndrome with signs and 
symptoms related directly to the level of each hormone pres-
ent in the patient. Although pheochromocytoma can pro-
duce norepinephrine and epinephrine, the predominant 
catecholamine produced in children is norepinephrine, 
which leads to chronic hypertension. Hypertension is 
common and often leads to hypertensive encephalopa-
thy and seizures. The classic symptom triad is paroxysmal 
headaches, tachycardia, and sweating.

Pheochromocytoma “rule of 10”:  10% bilateral, 10% 
malignant (higher in familial cases), 10% extra-adrenal, 
10% familial (now thought to be higher).

It is extremely important to establish the diagnosis of 
pheochromocytoma before induction of anesthesia and 
start of surgery.

The demonstration of increased levels of catecholamines 
is the most specific diagnosis test. Urine catecholamine 
concentrations are directly proportional to circulating lev-
els, and determination of 24-hour urinary excretion of the 
primary catecholamines and their metabolites used to be 
the primary means of establishing the diagnosis.

The plasma free metanephrine determination has bet-
ter sensitivity (100%) and specificity (94%). Because normal 

 

 

 

 

 

 

https://kat.cr/user/Blink99/



282  •   organ-Based BasIc and clInIcal scIences

values differ with age, it is important to use age-specific 
norms when interpreting results. Plasma metanephrine and 
epinephrine are not reliably elevated.

Hereditary forms of pheochromocytoma include 
multiple endocrine neoplasia type 2, von Hippel-Lindau 
syndrome, neurofibromatosis type 1, and familial paragan-
gliomas. Any patient with medullary thyroid cancer should 
be screened for pheochromocytoma prior to surgery.

Preoperative evaluation should include the measure-
ment of serum electrolytes, determination of renal 
function, and fasting blood glucose. Excessive serum epi-
nephrine levels may be associated with hyperglycemia and 
hypokalemia. Drugs that induce catecholamines secre-
tion or histamine release should be avoided.

K E Y FAC T S

• Pheochromocytoma is a catecholamine-secreting tumor 
of chromaffin cells that most commonly arises in the 
adrenal medulla.

• The predominant catecholamine produced in children 
is norepinephrine, which leads to chronic hypertension; 
this, in turn, often leads to hypertensive encephalopathy 
and seizures. The classic symptom triad is paroxysmal 
headaches, tachycardia, and sweating. Excessive serum 
epinephrine levels may be associated with hyperglycemia 
and hypokalemia.

• Hereditary forms of pheochromocytoma include 
multiple endocrine neoplasia type 2, von Hippel-Lindau 
syndrome, neurofibromatosis type 1, and familial 
paragangliomas.

references

Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for 
Infants and Children. 8th ed. St. Louis, MO:  Elsevier Mosby; 
2011:Chapter 36.

Kliegman RM, Stanton BF, St. Gemell JW, Schor NF, Behrman RE, eds. 
Nelson Textbook of Pediatrics. 19th ed. Philadelphia, PA:  Elsevier 
Saunders; 2011:1941–3.

21. ANSWER: B

Please refer to answer of question #20 above.

22. ANSWER: C

Please refer to answer of question #20 above.

23. ANSWER: B

Please refer to answer of question #20 above.

24. ANSWER: C

Acute leukemia, the most common form of cancer in 
children, comprises approximately 30% of all childhood 
malignancies, with acute lymphoblastic leukemia (ALL) 
being five times more common than acute myeloid leuke-
mia (AML). The peak incidence occurs between 2 and 
5 years of age, and it occurs more commonly among boys 
than girls. The most common presenting symptoms of ALL 
are nonspecific (e.g., fever, bleeding, bone pain, lymphade-
nopathy). Unexplained persistence of any of these common 
signs or symptoms should prompt consideration of malig-
nancy as a possible cause. Approximately 50% of children 
with ALL present with lymphadenopathy. Children 
with Trisomy 21 (Down syndrome) have a 10- to 20-fold 
increased risk of developing acute leukemia.

Most children with ALL have anemia and/or throm-
bocytopenia with either normal or depressed WBC counts 
and lymphoblasts on peripheral smear. Approximately 50% 
of children have WBC counts <10,000/µL, and 20% have 
an initial leukocyte count >50,000/µL. Approximately one 
half of children with ALL present with bleeding (includ-
ing petechiae and purpura) and three quarters have a plate-
let count <100,000/µL at the time of diagnosis.

This evaluation will include clinical examination, and 
bone marrow aspiration and biopsy, which will diagnose 
ALL and determine the leukemia phenotype as well as the 
presence or absence of cytogenetic abnormalities. This ini-
tial information will be used to assign the patient to a treat-
ment group based upon risk stratification.

Potential increase in perioperative risk among this 
population is due to high incidence of multiple organ 
involvement and poor immune response caused by pan-
cytopenia. These conditions include interstitial pneumo-
nitis, acute respiratory failure, opportunistic infection, 
and encephalopathy. Patients are at risk for developing 
hematoma and/or bleeding from thrombocytopenia and 
splenic sequestration. Other anesthetic concerns include 
potential bone marrow suppression by inhaled nitrous 
oxide, possible upper airway edema and pulmonary 
fibrosis, difficult IV placement, and side effects from 
each chemotherapeutic agent used to treated leukemia. 
Dexamethasone is commonly used as an antiemetic, 
but it is also often used as a chemotherapy agent and 
should not be given intraoperatively without discus-
sion with the oncology team, as it may precipitate 
tumor lysis syndrome.

K E Y FAC T S

• Acute leukemia, the most common form of cancer in 
children, comprises approximately 30% of all childhood 
malignancies, with acute lymphoblastic leukemia (ALL) 
being five times more common than acute myeloid 
leukemia (AML).
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• The most common presenting symptoms of ALL 
are nonspecific (e.g., fever, bleeding, bone pain, 
lymphadenopathy).

• There is a high incidence of multiple organ involvement 
and poor immune response caused by pancytopenia, and 
this includes interstitial pneumonitis, acute respiratory 
failure, opportunistic infection, and encephalopathy.

• Anesthetic concerns include potential bone marrow 
suppression by inhaled nitrous oxide, possible upper 
airway edema and pulmonary fibrosis, difficult IV 
placement, and side effects from each chemotherapeutic 
agent used to treated leukemia.

• Dexamethasone is commonly used as an antiemetic, 
but it is also often used as a chemotherapy agent and 
should not be given intraoperatively without discussion 
with the oncology team, as it may precipitate tumor lysis 
syndrome.

reference

Kliegman RM, Stanton BF, St. Gemell JW, Schor NF, Behrman RE, eds. 
Nelson Textbook of Pediatrics. 19th ed. Philadelphia, PA:  Elsevier 
Saunders; 2011:1732–9.

25. ANSWER: A

Childhood cancer often is difficult to detect in its early 
stages because the associated signs and symptoms are non-
specific, insidious in onset, and mimic more common disor-
ders. Although childhood cancers are rare events, they are 
the fourth leading cause of death in individuals between 

1 and 19 years of age in the United States. Common sites 
include blood and bone marrow, brain, bone, lymph nodes, 
nervous system, kidneys, and soft tissues (see Table 10.4).

Spinal cord compression is a common complication 
of neuroblastomas. Osteosarcomas are primary malignant 
tumors of bone that are characterized by the production of oste-
oid or immature bone by the malignant cells. Osteosarcomas 
are uncommon tumors. Approximately 750 to 900 new 
cases are diagnosed each year in the United States, of which 
400 arise in children and adolescents younger than 20 years 
of age. But osteosarcoma is the most common primary bone 
tumor affecting children and young adults; the peak age is 
between 13 and 16. In children, the majority of osteosarcomas 
are sporadic. A minority of cases is associated with inherited 
predisposition syndromes such as hereditary retinoblastoma, 
Li-Fraumeni syndrome, Rothmund-Thomson syndrome, and 
the related Bloom and Werner syndromes.

The majority of patients with osteosarcoma present with 
localized pain, typically of several months’ duration. The 
most important finding on physical examination is a soft 
tissue mass, which is frequently large and tender to palpa-
tion. At presentation, between 10% and 20% have demon-
strable metastatic disease. CT scans are best suited to 
evaluate the thorax for metastatic disease, which is essen-
tial because approximately 80% of metastatic lesions in 
osteosarcoma occur in the lungs. The most common met-
astatic site for all bone sarcomas is pulmonary. Thin-section 
imaging of the chest using high-resolution helical CT is the 
preferred modality, detecting approximately 20% to 25% 
more nodules than conventional CT, and the reliable detec-
tion of nodules as small as 2 to 3 mm.

Biopsy is required for definitive diagnosis. Once the diag-
nosis of an osteosarcoma is established, the staging evaluation 

Table 10.4 the Most coMMon chIldhood MalIgnancIes In chIldren and adolescents

AGE < 1 YEAR AGE 1 TO 4 YEARS AGE 5 TO 9 YEARS

CANCER TYPE PERCENTAGE OF ALL CANCERS

acute leukemia 18 43 36

cns tumors 13 19 28

lymphoma 1 3 12

neuroblastoma 24 9 3

Wilms tumor 6 9 4

AGE 10 TO 14 YEARS AGE 15 TO 19 YEARS

CANCER TYPE PERCENTAGE OF ALL CANCERS

acute leukemia 23 13

cns tumors 21 9

lymphoma 18 23

germ cell tumors 6 14

Thyroid cancer 4 8

The most common causes of cancer based upon age in the United States (1992 to 2004) from data obtained by the Surveillance, Epdiemiology, and End Results 
program, National Cancer Institute.
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should include MRI of the entire length of the involved bone, 
CT of the thorax, radionuclide bone scanning with techne-
tium, and/or a positron emission tomography (PET) scan.

Conventional osteosarcoma is relatively resistant to 
radiation therapy. Because of this, primary radiation ther-
apy is not usually adequate to achieve local disease control, 
particularly for bulky tumors.

In contrast to osteosarcoma and other primary bone 
sarcomas, Ewing sarcoma is more radiosensitive, and 
radiation may be considered an effective option for local 
control. Although modern treatment protocols empha-
size surgery for optimal local control, patients who lack a 
function-preserving surgical option because of tumor loca-
tion or extent, and those who have clearly unresectable 
primary tumors following induction chemotherapy are 
appropriate candidates for radiation therapy.

K E Y FAC T S

• Spinal cord compression is a common complication 
of neuroblastomas

• Osteosarcoma is the most common primary bone tumor 
affecting children and young adults; the peak age is 
between 13 and 16 years.

• Most patients present with localized pain and a soft 
tender tissue mass. Approximately 10%–20% of patients 
have metastatic disease, with approximately 80% of 
metastatic lesions occurring in the lungs.

• In contrast to osteosarcoma and other primary bone 
sarcomas, Ewing sarcoma is more radiosensitive, and 
radiation may be considered an effective option for local 
control.

references
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Niederhuber JE, Armitage JO, Doroshow JH, Kastan MB, Tepper JE, 
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Livingstone; 2014:1693–752.

26. ANSWER: D

The term neuroblastoma is commonly used to refer to a 
spectrum of neuroblastic tumors (including neuroblas-
tomas, ganglioneuroblastomas, and ganglioneuromas) 
that arise from primitive sympathetic ganglion cells. 
Neuroblastoma has been associated with central hypoven-
tilation, Hirschsprung disease, and neurofibromatosis 
type 1, and as a familial disorder associated with mutations 
in the ALK gene.

Neuroblastomas can arise anywhere throughout the 
sympathetic nervous system. The adrenal gland is the most 
common primary site (40%), followed by abdominal (25%), 

thoracic (15%), cervical (5%), and pelvic sympathetic gan-
glia (5%). Less commonly, tumors arise within the central 
or autonomic nervous systems.

The presenting symptoms reflect the location of the 
primary tumor and the extent of metastatic disease, if 
present. Patients with localized disease can be asymptom-
atic, whereas children with advanced disease appear ill 
at presentation, usually with systemic symptoms. Signs 
and symptoms of neuroblastoma may include abdominal 
mass, abdominal pain or constipation, proptosis, perior-
bital ecchymoses (caused by orbital metastases), Horner 
syndrome (miosis, ptosis, anhidrosis), localized back pain, 
weakness (from spinal cord compression), scoliosis, blad-
der dysfunction, and palpable nontender subcutaneous 
nodules. It can also present with systemic symptoms such 
as fever, weight loss, bone pain, anemia, and hypertension.

Between 7% and 15% of children with neuroblas-
toma present with spinal cord involvement. Spinal 
cord compression is considered an oncologic emergency. 
Prompt resolution is important to limit permanent neu-
rologic impairment. Neurologic recovery appears to be 
related to the severity of presenting neurologic deficits. 
Chemotherapy and laminectomy have equivalent overall 
survival outcomes. Each therapeutic modality, however, 
carries inherent long-term and short-term risks and should 
be determined on an individualized basis. Radiation ther-
apy is generally reserved for progressive symptoms despite 
chemotherapy.

Several unique paraneoplastic syndromes can be 
associated with both localized and disseminated neuro-
blastomas. Opsoclonus-myoclonus-ataxia (OMA) is a 
paraneoplastic syndrome that occurs in 1% to 3% of chil-
dren with neuroblastoma. Almost 50% of children with 
OMA have an underlying neuroblastoma; neurologic 
symptoms precede tumor diagnosis in about half of these. 
The disorder is believed to have an autoimmune patho-
genesis. The characteristic symptoms of OMA are rapid, 
dancing eye movements, rhythmic jerking (myoclonus) 
involving limbs or trunk, and/or ataxia. All children with 
OMA must be evaluated for neuroblastoma. If the initial 
evaluation is unrevealing, it should be repeated in several 
months. Autonomous tumor secretion of vasoactive intes-
tinal peptide (VIP) is another paraneoplastic syndrome 
that is rarely associated with neuroblastoma. VIP secretion 
can cause abdominal distension and intractable secre-
tory diarrhea with associated hypokalemia; these symp-
toms usually resolve after removal of the tumor.

Neuroblastoma metastasizes by both lymphatic and 
hematogenous routes. Regional lymph node involvement 
is found in 35% of children who have apparently localized 
disease. Involvement of lymph nodes outside the cavity or 
region of origin (i.e., abdomen, thorax, pelvis) is considered 
to represent disseminated disease.

Neuroblastomas are staged according to the International 
Neuroblastoma Staging System (INSS), which was initially 
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developed in 1986 and revised in 1993. The minimal require-
ments for staging include the following:

• Bilateral iliac crest bone marrow aspirate and biopsy
• Bone radiographs and either technetium radionuclide 

scan or I123-MIBG scan
• Abdominal imaging by CT or MRI scans with 

three-dimensional tumor measurements
• Chest radiograph (anteroposterior [AP] and lateral); 

chest CT or MRI is necessary only if the chest 
radiograph is positive or if abdominal mass or lymph 
node disease extends into the chest.

• Head CT should be considered for patients presenting 
with proptosis, periorbital ecchymoses, or as clinically 
indicated by symptoms.

K E Y FAC T S

• Neuroblastomas can arise anywhere throughout the 
sympathetic nervous system. The adrenal gland is 
the most common primary site (40%), followed by 
abdominal (25%), thoracic (15%), cervical (5%), and 
pelvic sympathetic ganglia (5%).

• Between 7% and 15% of children with neuroblastoma 
present with spinal cord involvement. Spinal cord 
compression is considered an oncologic emergency. 
Regional lymph node involvement is found in 35% of 
children who have apparently localized disease.

• Almost 50% of children with opsoclonus-myoclonus-
ataxia (OMA) have an underlying neuroblastoma. The 
characteristic symptoms of OMA are rapid, dancing eye 
movements; rhythmic jerking (myoclonus) involving 
limbs or trunk; and/or ataxia.

reference

Kliegman RM, Stanton BF, St. Gemell JW, Schor NF, Behrman RE, eds. 
Nelson Textbook of Pediatrics. 19th ed. Philadelphia, PA:  Elsevier 
Saunders; 2011:1753–7.

27. ANSWER: A

Stage 4S neuroblastoma is a special category that is 
reserved for infants below 1  year of age who have resect-
able primary tumors (stage 1 or 2) and metastases that are 
limited to the liver, skin, and bone marrow; infants with 
metastases to cortical bone are excluded from this category. 
The INRGSS has modified the definition of 4S (called Ms) 
to include patients up to 18 months of age and those with 
regional spread of primary tumor.

The 4S (or Ms) category is an exception to the typically 
dismal prognosis for children with widespread metastases 

from neuroblastoma. Overall survival for infants in this cat-
egory is over 85%. One contributing factor is that the tumor 
cells in infants with stage 4S disease have the capacity to 
undergo spontaneous regression. However, like all stages of 
neuroblastomas, the tumors that make up stage 4S disease 
are heterogeneous, and they require heterogeneous treatment 
protocols.

Neonates (younger than 4–6 weeks) who have stage 
4S neuroblastoma are an exception to the general rule 
that younger age is associated with better outcome. Among 
this small subset of patients, neuroblastoma in the liver can 
grow rapidly, resulting in pulmonary compromise and renal 
failure in approximately 30% of cases. Such infants must be 
monitored closely even after treatment initiation. In con-
trast, newborns that have limited adrenal disease (typically 
diagnosed by prenatal ultrasound) have a favorable progno-
sis and frequently do not need treatment.

reference

Kliegman RM, Stanton BF, St. Gemell JW, Schor NF, Behrman RE, eds. 
Nelson Textbook of Pediatrics. 19th ed. Philadelphia, PA:  Elsevier 
Saunders; 2011:1753–7.

28. ANSWER: B

Retinoblastoma is the most common intraocular tumor 
of childhood. The majority of cases are diagnosed in chil-
dren younger than 2  years of age. Approximately one 
fourth of cases are bilateral. Children who have a fam-
ily history of retinoblastoma or a personal or family his-
tory of 13q deletion or 13q deletion mosaicism have an 
increased risk.

Leukocoria is the most common presenting finding, but 
it is not necessary for diagnosis. Other presentations may 
include strabismus, decreased vision, ocular inflammation, 
and family history.

An ophthalmologist should evaluate children at 
increased risk of retinoblastoma shortly after birth. 
Screening should then be conducted every 3–4  months 
until 3–4 years of age, and every 6 months until 5–6 years of 
age (unless genetic testing of the affected child reveals that 
he or she does not have a germline mutation, in which case 
follow-up examinations are not necessary). Retinoblastoma 
surveillance examinations are usually performed with the 
patient under general anesthesia to permit complete exami-
nation of the ocular fundus.

The diagnosis of retinoblastoma can usually be made 
during a dilated indirect ophthalmoscopic examination 
that is performed under anesthesia; the characteristic find-
ing is a chalky, white-gray retinal mass with a soft, friable 
consistency. Such an examination permits complete visual-
ization of the retina and identification of multifocal tumors 
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and/or subretinal or vitreous seeding. The risk of anesthe-
sia is balanced by the benefit of improved ocular survival. 
Pathology is necessary to confirm the diagnosis.

Ocular ultrasonography and/or CT may demonstrate 
a solid intraocular tumor with characteristic intratumoral 
calcifications. MRI is preferred to CT because of the 
increased long-term cancer risk associated with CT scan-
ning. Metastatic disease is rarely present at the time of 
diagnosis, and formal staging studies (i.e., bone marrow 
examination, lumbar puncture, and/or radionuclide bone 
scan) are not usually performed.

A variety of treatment options are available 
for children with retinoblastoma, including several 
“vision-sparing” therapies. The choice of treatment depends 
upon visual prognosis, tumor size and location, presence 
or absence of vitreous or subretinal seeds, and patient age. 
Standard therapeutic options include enucleation, external 
beam radiation therapy (RT), radioactive plaques (I-125 
brachytherapy), cryotherapy, laser photoablation, and 
chemotherapy.

Enucleation usually is indicated for large tumors 
(>50% of globe volume) with no visual potential, blind, 
painful eyes, and/or tumors that extend into the optic 
nerve. Enucleation is usually the preferred treatment 
in eyes that have failed previous “globe-conserving” 
approaches. Following enucleation, using a gradu-
ated chemotherapy approach, adjuvant chemotherapy 
or brachytherapy may be considered in patients with 
high-risk features to prevent metastatic disease (e.g., iris, 
ciliary body, massive choroidal or scleral infiltration, 
and invasion of the optic nerve posterior to the lamina 
cribrosa). Children who undergo enucleation for retino-
blastoma must be monitored closely for orbital relapse in 
the 2 years after surgery.

The overall 5-year survival rate for children with reti-
noblastoma in the United States is >90%. Patients who 
develop metastatic disease usually do so within 1  year of 
diagnosis; a child who remains recurrence-free for 5 years 
after diagnosis is considered cured.

K E Y FAC T S

• Retinoblastoma is the most common intraocular tumor 
of childhood. The majority of cases are diagnosed in 
children younger than 2 years of age. Approximately one 
fourth of cases are bilateral.

• Metastatic disease is rarely present at the time of 
diagnosis, and formal staging studies (i.e., bone marrow 
examination, lumbar puncture, and/or radionuclide 
bone scan) are not usually performed.

• Patients who develop metastatic disease usually 
do so within 1 year of diagnosis; a child who 
remains recurrence-free for 5 years after diagnosis is 
considered cured.

reference
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Nelson Textbook of Pediatrics. 19th ed. Philadelphia, PA:  Elsevier 
Saunders; 2011:1768–9.

29. ANSWER: A

PANDAS (pediatric autoimmune neuropsychiatric dis-
order associated with group A  streptococci) is a term 
used to describe a subset of children whose symptoms of 
obsessive-compulsive disorder (OCD) or tic disorders 
are exacerbated by group A streptococcal (GAS) infection. 
The hypothesized association between PANDAS and GAS 
is controversial. Children who present with abrupt onset of 
OCD/tic disorder be evaluated for GAS infection.

PANDAS is characterized by five working criteria:

• OCD and/or tic disorder
• Pediatric onset (between 3 years and onset of puberty)
• Abrupt onset and episodic course of symptoms
• Temporal relation between GAS infection and onset 

and/or exacerbation
• Neurologic abnormalities or tics during exacerbations

PANDAS is a clinical diagnosis. It may be suspected in 
children with an abrupt onset of neuropsychiatric symp-
toms, recent group A  streptococcal (GAS) infection, and 
remission of neuropsychiatric symptoms with antibi-
otic therapy. The obsessive-compulsive disorder (OCD)/
tic disorder and acute GAS infection should be treated. 
Patients with suspected PANDAS should be monitored 
for recurrence of neuropsychiatric symptoms and/or GAS 
infection because approximately 50% have second episodes.

Prophylactic antibiotics are an option to aid in the 
diagnosis of PANDAS and prevent symptom recurrences. 
The clinical course during prophylaxis may provide insight 
into the disease for the patient/family and clinician: remis-
sion of neuropsychiatric symptoms helps to establish the 
diagnosis of PANDAS, whereas recurrence of neuropsychi-
atric symptoms during prophylaxis excludes the diagnosis.

Antibiotic therapy is indicated for the treatment of 
acute streptococcal infection as diagnosed by a positive 
throat or skin culture or rapid antigen detection test. 
There is a recommendation that children with positive 
culture or rapid antigen detection test for GAS be treated 
with antistreptococcal therapy (whether or not they have 
neuropsychiatric symptoms). Antimicrobial therapy is 
administered to reduce the severity and duration of signs 
and symptoms, including suppurative complications, to 
reduce the incidence of nonsuppurative complications 
(e.g., acute rheumatic fever), and to reduce the risk of 
transmission.
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Children with OCD and/or tic disorders should receive 
standard neuropsychiatric treatment for these disorders 
(whether or not the children have evidence of recent GAS 
infection). Treatment of neuropsychiatric symptoms should 
not be delayed pending confirmation of PANDAS (e.g., 
documenting rise in antistreptococcal antibodies or while 
monitoring for a second episode). The neuropsychiatric man-
ifestations of children in the PANDAS subgroup respond to 
treatment with standard pharmacologic and behavior thera-
pies. OCD symptoms generally respond to a combination of 
pharmacotherapy (typically a selective serotonin reuptake 
inhibitor) and cognitive behavior therapy. Motor and vocal 
tics can be treated with a variety of medications.

Immune modulating therapies include glucocorti-
coids, plasma exchange, and intravenous immunoglob-
ulin (IVIG). If PANDAS is an autoimmune disorder (and 
this remains controversial), immunomodulatory treat-
ments might be beneficial. Most recommend not to treat 
children who meet criteria for PANDAS with immune 
modulating therapies outside of the research setting. 
Immune modulating therapy may be an alternative for 
severely ill patients who have not responded to standard 
therapies. In such cases, consultation with a specialist in 
the treatment of neuropsychiatric and/or autoimmune dis-
orders is recommended.

PANDAS are rare and affected children have signifi-
cant anesthetic implications. These patients can present 
for any surgical procedure both unrelated and related 
to PANDAS such as plasmapheresis. Anesthesiologists 
should be aware of the abnormal behavior and move-
ments with this disorder. Using premedication with oral 
ketamine and midazolam should be considered to help 
separate the patient from his or her parents and gain an 
intravenous access.

K E Y FAC T S

• PANDAS (pediatric autoimmune neuropsychiatric 
disorder associated with group A streptococci) is a term 
used to describe a subset of children whose symptoms of 
obsessive-compulsive disorder (OCD) or tic disorders are 
exacerbated by group A streptococcal (GAS) infection.

• Prophylactic antibiotics are an option to aid in the 
diagnosis of PANDAS and prevent symptom recurrences.

• Immune modulating therapy may be an alternative for 
severely ill patients who have not responded to standard 
therapies.

reference
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30. ANSWER: C

Advances in treatment for and prevention of human immu-
nodeficiency virus (HIV) infection have resulted in dra-
matic improvements in the morbidity and mortality of 
HIV-infected children in developed settings. Although 
transmission of HIV from mother to child can occur 
before, during, or after delivery, the highest percentage of 
HIV-infected children acquire the virus during delivery, 
most likely through exposure to infected blood and secre-
tion during delivery. Chance of transmission increased with 
preterm birth, low birth weight, low maternal CD4 counts, 
and IV drug use during pregnancy.

The Centers for Disease Control and Prevention (CDC) 
and the World Health Organization (WHO) each have 
established case definitions for HIV infection and AIDS in 
adults and children to standardize the description of HIV 
infection cases.

HIV infection in adults and adolescents (aged 
≥13 years) is stratified into three mutually exclusive stages, 
increasing in severity from CDC stage 1 to CDC stage 3 
(AIDS). Staging is based upon the measurement of CD4+ 
T-lymphocyte (CD4) counts and CD4+ T-lymphocyte 
percentage of total lymphocytes (CD4%) to describe the 
degree of immunosuppression.

For adults and adolescents, laboratory confirmation 
includes:

• A positive result from an HIV antibody screening test 
(e.g., enzyme immunoassay or rapid test) confirmed by 
a positive result from a supplemental HIV antibody 
test (e.g., Western blot or indirect immunofluorescence 
assay test)

• A positive HIV virologic test including HIV nucleic 
acid (DNA or RNA) detection test or HIV p24 
antigen test.

In children between 18  months and <13  years of age, 
laboratory criteria for the definitive diagnosis of HIV is the 
same as for adults and adolescents. The HIV infection clas-
sification system for children age <13 years uses two axes, 
clinical and immunologic categories, to indicate the sever-
ity of clinical signs and symptoms and the degree of immu-
nosuppression. Clinical categories describe the severity of 
clinical signs and symptoms:

• Category N: No signs or symptoms considered to be 
the result of HIV infection or with only one of the 
conditions listed in Category A, mildly symptomatic

• Category A: Mild signs or symptoms
• Category B: Moderate signs or symptoms thought to be 

caused by HIV infection but not specifically included in 
Category A or Category C

• Category C: Severely symptomatic. All AIDS-defining 
conditions except for LIP/PLH
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Immunologic categories are based upon age-adjusted 
CD4 counts and CD4 percentage and include the following:

• 1—No evidence of immunosuppression
• 2—Moderate immunosuppression
• 3—Severe immunosuppression

In children <18  months of age, laboratory diagnosis of 
HIV is complicated by the fact that maternal antibodies 
that passively cross the placenta during pregnancy may per-
sist in children until 18 months of age. Thus, the detection 
of antibodies in a child <18  months of age does not dis-
tinguish between maternal antibodies and true infection. 
Nonetheless, antibody tests may be helpful in excluding 
HIV infection, if the test result is negative, or confirming 
HIV exposure, if the test result is positive.

Because of the possibility of persistence of maternal 
antibody, laboratory criteria for children aged <18 months 
allow classification into one of four categories, presump-
tively or definitively HIV infected, or presumptively or 
definitively not HIV infected, depending on whether labo-
ratory criteria are met.

• Presumptively HIV infected—Children with known 
HIV exposure whose clinical illness meets the AIDS 
definition on the basis of clinical criteria; laboratory 
criterion for definitively HIV infected is not met

• Definitively HIV infected—Children with known 
HIV exposure with positive virologic test results on two 
separate specimens

• Presumptively uninfected HIV—Two negative virologic 
tests from separate specimens, both of which were 
obtained at age ≥2 weeks and one of which was obtained 
age ≥4 weeks; or one negative RNA or DNA virologic 
test from a specimen obtained at age ≥8 weeks; or one 
negative HIV antibody test from a specimen obtained at 
age ≥6 months

• Definitively uninfected—Children with no laboratory 
or clinical evidence of HIV infection and at least 
two negative HIV or RNA virologic tests from 
separate specimens, both of which were obtained at 
age ≥1 month and one of which was obtained at age 

≥4 months; or at least two negative antibody tests from 
separate specimens obtained at age ≥6 months and no 
other laboratory or clinical evidence for HIV infection

Indeterminate HIV infection status is used to describe 
a child age <18 months born to an HIV-infected mother for 
whom the criteria for “infected with HIV” and “uninfected 
with HIV” are not met.

There are several anesthetic considerations when taking 
care of patients with HIV. Because CNS involvement is 
relatively common, CNS depressants such as barbiturates, 
benzodiazepines, and opioids should be carefully titrated. 
If liver and renal dysfunction is present, drug metabolism 
and elimination are impaired. It is best to avoid long-acting 
medications, especially those medications with a termina-
tion of action that relies upon hepatic or renal clearance or 
those that have active metabolite.

K E Y FAC T S

• The highest percentage of HIV-infected children acquire 
the virus during delivery, most likely through exposure 
to infected blood and secretion during delivery.

• Chance of transmission increased with preterm birth, 
low birth weight, low maternal CD4 counts, and IV 
drug use during pregnancy.

• In children <18 months of age, laboratory diagnosis of 
HIV is complicated by the fact that maternal antibodies 
that passively cross the placenta during pregnancy may 
persist in children until 18 months of age.

• CNS depressant such as barbiturates, benzodiazepines, 
and opioids should be carefully titrated because 
CNS involvement is common. Drug metabolism 
and elimination can be impaired if liver and renal 
dysfunction are present, and it is best to avoid long-
acting medications.
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Monica A. Hoagland

1. A  10-year-old female with no prior medical history 
is undergoing a laparoscopic appendectomy for acute 
appendicitis. A rapid sequence induction with propofol, 
fentanyl, and succinylcholine is performed; the trachea 
is intubated uneventfully; and anesthesia is maintained 
with sevoflurane. Fifteen minutes into the procedure, 
she develops a rapidly rising end-tidal CO

2
 that cannot 

be controlled with increased minute ventilation. She 
then develops tachycardia with occasional premature 
ventricular contractions, and her temperature begins to 
rise. A presumptive diagnosis of malignant hyperther-
mia is made and treatment with dantrolene is started.
Which of the following describes the mechanism of 
action of dantrolene?

A. Interrupted neuromuscular transmission at the level 
of the neuromuscular junction

B. Stabilization of the muscle membrane to prevent 
further breakdown

C. Decreased myoplasmic calcium concentration
D. Prevention of acute renal failure due to 

myoglobinuria

2. A 5-year-old male with a family history of malignant 
hyperthermia in a first-degree relative confirmed by 
contracture testing presents for elective tonsillectomy. 
Which of the following is a sufficient method for pre-
paring an anesthesia work station for this patient?

A. Placing charcoal filters on the breathing circuit of 
the machine

B. Draining the vaporizers
C. Flushing the machine with 10 L/min fresh gas flows
D. Changing the absorbent and breathing circuit on the 

anesthesia machine

3. A patient with which of the following disorders is at 
increased risk of malignant hyperthermia susceptibility 
compared to the general population?

A. King-Denborough syndrome
B. Duchenne muscular dystrophy
C. Hyperkalemic periodic paralysis
D. Neuroleptic malignant syndrome

4. An 18-year-old male with Duchenne muscular dys-
trophy presents for gastric tube placement. Which of 
the following is most likely to be found during his pre-
operative evaluation?

A. FEV1 40% and FVC 90% predicted on pulmonary 
function testing

B. Dilated cardiomyopathy with valvular 
regurgitation

C. Elevated creatinine
D. Respiratory alkalosis

5. A 5-year-old male with Duchenne muscular dystro-
phy is most likely to have which of the following com-
plications after exposure to an anesthetic that includes 
sevoflurane?

A. Cardiac failure
B. Respiratory insufficiency
C. Rhabdomyolysis and hyperkalemia
D. Malignant hyperthermia

6. A 16-year-old female presents for appendec-
tomy. Her younger brother has been diagnosed with 
Duchenne muscular dystrophy. She has a normal 
physical examination and denies a history of weak-
ness. She is at risk for which of the following periop-
erative events?

A. Abnormal response to nondepolarizing muscle 
relaxants

B. Respiratory insufficiency
C. Cardiac arrest
D. Aspiration
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7. A 12-year-old male with myotonia congenita under-
going reduction and fixation of a fracture develops sus-
tained muscle contractions intraoperatively. Which 
of the following interventions will relieve myotonic 
contractions?

A. Neuromuscular blockade with rocuronium
B. Peripheral nerve blockade with lidocaine
C. Decrease in intracellular calcium with dantrolene
D. Sodium channel blockade with procainamide

8. An 18-year-old patient with myotonic dystrophy pres-
ents for an elective orthopedic procedure. He has mini-
mal symptoms of his disease but has family members 
who have developed severe systemic symptoms related 
to this diagnosis. Preoperative counseling regarding 
anesthetic risks for this patient should include which of 
the following?

A. No cardiac evaluation is necessary at this time.
B. Postoperative ventilation may be required.
C. Responses to sedative medications will be normal.
D. The risk for malignant hyperthermia is increased.

9. In which of the following muscular disorders is 
energy production not sufficient to meet demands of 
metabolically active tissue?

A. Central core disease
B. MELAS (mitochondrial myopathy, encephalopathy, 

lactic acidosis, stroke-like episodes)
C. Becker muscular dystrophy
D. Myotonia congenita

10. Which of the following strategies for management 
of maintenance fluids is appropriate for a 20 kg patient 
with a mitochondrial myopathy undergoing surgery 
who has been fasting for 4 hours?

A. Lactated Ringer’s solution at 60 mL/hour started 
after incision

B. 5% Dextrose in lactated ringer’s solution at 30 mL/
hour started preoperatively

C. Normal saline at 30 mL/hour started after incision
D. 5% Dextrose in normal saline at 60 mL/hour started 

preoperatively

11. A  hypotonic infant with feeding difficulties and a 
diagnosis of myotubular myopathy presents for gastric 
tube placement. Appropriate anesthetic management of 
this patient may include which of the following?

A. Preparation for possible difficult airway management
B. Avoidance of lactated fluids

C. Avoidance of malignant hyperthermia-triggering 
medications

D. Use of succinylcholine for rapid sequence intubation

12. A  5-year-old female with achondroplasia presents 
for a leg-lengthening procedure. Intraoperative man-
agement in this patient is expected to be complicated by:

A. Cyanotic heart disease
B. Mucopolysaccharide deposition in pharyngeal and 

laryngeal structures
C. Predisposition to bleeding after airway trauma
D. Foramen magnum stenosis causing cervical 

compression

13. An infant with osteogenesis imperfecta and fail-
ure to thrive presents for gastrostomy tube placement. 
A mask induction is performed and the patient is main-
tained on volatile anesthetic with controlled ventilation 
after endotracheal intubation. He remains hemody-
namically stable throughout the procedure but is noted 
to have an elevated end-tidal CO

2
 and temperature. 

These findings are most likely due to:

A. Sepsis
B. Malignant hyperthermia
C. Increased basal metabolic rate
D. Iatrogenic overheating and inadequate minute 

ventilation

14. A  2-day-old male presents for ligation of 
tracheo-esophageal fistula and repair of esophageal atre-
sia. He is noted to have musculoskeletal abnormalities, 
including abnormal forearms and hemivertebrae noted 
on his chest X-ray. His oxygen saturation is above 95% on 
room air, his respirations are not labored, and he has had 
normal hemodynamics during his neonatal intensive 
care unit (NICU) stay. What further workup is required 
before this patient is taken to the operating room?

A. Echocardiogram
B. Liver function and coagulation testing
C. Head ultrasound
D. No further studies required

15. A neonate with dysmorphic facies and a history of 
seizures presents for repair of an interrupted aortic 
arch. Which of the following findings is most likely to 
be present in this patient?

A. Hypercalcemia
B. Atlantoaxial instability
C. Immunodeficiency
D. Renal anomalies
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16. In which of the following syndromes is the diffi-
culty of airway management expected to improve as the 
patient ages?

A. Pierre-Robin sequence
B. Treacher Collins syndrome
C. Goldenhar syndrome
D. CHARGE association

17. An infant with bilateral coronal synostosis and 
bilateral hand syndactyly presents to the preoperative 
clinic for evaluation prior to cranial vault reconstruc-
tion. Which of the following exam findings is likely to 
be present during his evaluation?

A. Hepatomegaly
B. An elongated head (increased anterior-posterior 

diameter)
C. Kyphoscoliosis
D. Signs of increased intracranial pressure

18. A  female infant with a suspected genetic syn-
drome presents for a sedated echocardiogram to evalu-
ate a murmur heard on exam. The patient is small for 
her gestational age and has a short, webbed neck. The 
murmur is systolic and heard best below the left scap-
ula. Which finding is most likely to be present on her 
echocardiogram?

A. Endocardial cushion defect
B. Pulmonary valve regurgitation
C. Patent ductus arteriosus
D. Coarctation of the aorta

19. A 5-year-old child with epidermolysis bullosa pres-
ents for gastrostomy tube placement. Which of the fol-
lowing monitors is appropriate for this patient?

A. Standard electrocardiogram (EKG) leads
B. Noninvasive blood pressure cuff placed over padding
C. Nasopharyngeal temperature probe
D. Adhesive pulse oximeter probe

20. An 18-year-old male presents for knee arthroscopy. 
His examination is notable for tall stature, long digits, 
mild scoliosis, and a soft diastolic murmur. His history 
is notable for recurrent joint dislocations. He has a good 
exercise tolerance with no cardiac or respiratory symp-
toms. Which of the following tests is required prior to 
proceeding with the surgery?

A. Pulmonary function tests
B. Coagulation studies
C. Echocardiogram
D. Renal function tests

21. A  3-day-old neonate presents for repair of an 
omphalocele. He is large for his gestational age, and his 
examination is notable for an enlarged abdomen with 
visceromegaly and macroglossia. Which of the follow-
ing studies should be done perioperatively?

A. Renal function tests
B. Serum glucose
C. Brain magnetic resonance imaging (MRI)
D. Spine plain films

22. A  5-year-old male with recurrent sinus infections 
presents for endoscopic sinus surgery. His history is 
significant for recurrent sinopulmonary and gastro-
intestinal infections consistent with an immunodefi-
ciency. On examination, he is noted to have eczema and 
areas of petechiae. His labs are significant for a platelet 
count of 40,000 requiring transfusion prior to his pro-
cedure. The patient is at risk for which of the follow-
ing transfusion reactions given his underlying medical 
condition?

A. Acute hemolytic reaction
B. Graft-versus-host disease
C. Anaphylactic reaction
D. Hyperkalemia

23. A 16-year-old patient with neurofibromatosis type 1 
presents for resection of a large cutaneous facial lesion. 
After an uneventful intravenous induction, the patient 
is intubated and maintained on sevoflurane for the 
anesthetic. During the procedure she becomes abruptly 
tachycardic and hypertensive, followed a few minutes 
later by relative hypotension. Which of the following is 
likely to cause perioperative hemodynamic instability 
in this patient?

A. Intracardiac tumor
B. Primary cardiac arrhythmia
C. Pheochromocytoma
D. Vascular shunts requiring increased cardiac output

24. A 15-year-old female with spinal muscular atrophy 
presents to the operating room for spinal fusion. Her 
preoperative examination is significant for multiple 
joint contractures, thoracic scoliosis, and significant 
muscle wasting. Her electrolytes are normal and her 
pulmonary function tests are consistent with a restric-
tive lung defect. Her perioperative course is likely to be 
complicated by:

A. Rhabdomyolysis with hyperkalemia
B. Cardiomyopathy
C. Respiratory failure
D. Seizures

 

 

 

 

 

 

 

 

 



292  •   organ-Based BasIc and clInIcal scIences

25. An 8-year-old child presents for sclerotherapy of a 
capillary malformation involving her lips and buccal 
mucosa. Her physical examination is significant for a 
vascular malformation involving the left side of her face. 
She undergoes mask induction, is intubated without dif-
ficulty, and is maintained on sevoflurane during the pro-
cedure. During her perioperative course, she is at risk for

A. High-output cardiac failure
B. Progressive upper airway obstruction
C. Consumptive coagulopathy
D. Abnormal glucose regulation

26. A  17-year-old female with a history of medullary 
thyroid carcinoma presents for thyroidectomy. Her 
physical examination is notable for multiple neuromas 
on her lips, tongue, and eyelids and a marfanoid body 
habitus. Her preoperative labs show that she is euthy-
roid. Which of the following disorders should be ruled 
out prior to anesthesia to avoid intraoperative hemody-
namic instability?

A. Pheochromocytoma
B. Hyperkalemia
C. Renal artery stenosis
D. Intravascular volume overload

27. An 8-year-old female presents for appendectomy. 
Her medical history is significant for precocious 
puberty, pathologic fractures of her weight-bearing 
bones, and multiple pigmented skin lesions. Which of 
the following abnormalities is also likely present and 
may affect anesthetic management?

A. Abnormal respiratory control
B. Hypoglycemia
C. Obesity
D. Hyperthyroidism

28. A 6-year-old male with a past medical history signif-
icant for a urea cycle defect, well controlled with dietary 
restrictions, had an uneventful tonsillectomy 1 week 
ago and presents with posttonsillectomy hemorrhage. 
The patient has had poor dietary intake since surgery 
but has been maintaining adequate oral hydration. His 
blood pressure and heart rate are appropriate for his age 
and he appears to have adequate intravascular volume, 
but his physical examination is concerning for lethargy. 
His lab workup shows a normal lactate and glucose. 
His mother thinks he has swallowed a large amount of 
blood. Which of the following perioperative interven-
tions will worsen this patient’s neurologic status?

A. Resuming baseline dietary restrictions 
postoperatively

B. Administering sodium benzoate
C. Administering 5% dextrose in lactated Ringer’s 

solution for maintenance
D. Orogastric suctioning to remove intragastric blood

29. An infant with recurrent hypoglycemia and hepa-
tomegaly suspicious for a glycogen storage disease is 
undergoing liver biopsy for diagnosis. Anesthetic man-
agement of this patient is most likely to be complicated 
by which of the following?

A. Intrinsic lung disease
B. Seizures refractory to medical management
C. Atlantoaxial instability
D. Weakness due to myopathy

30. A  16-year-old female presents to the emergency 
department with a 1-day history of fever, vomiting, and 
abdominal pain. Her past medical history is unremark-
able and her only medication is an oral contraceptive 
started 2 weeks ago. She is significantly anxious. She is 
diagnosed with appendicitis and is taken to the operating 
room for an appendectomy. Intraoperatively, the appen-
dix appears normal and no obvious intra-abdominal 
pathology is seen. During the procedure, she develops 
tachycardia and autonomic instability. Her labs are sig-
nificant only for hyponatremia. After hemodynamic 
stabilization, she is taken to the intensive care unit, 
where she is empirically treated with intravenous car-
bohydrate loading and hematin administration with 
improvement of her autonomic symptoms. Which drug 
should be avoided in subsequent anesthetics for this 
patient?

A. Etomidate
B. Succinylcholine
C. Propofol
D. Methylene blue

31. A  1-day-old neonate, born at 34 weeks gestational 
age, with a small omphalocele presents for closure of his 
defect. His birth history includes in utero cocaine expo-
sure and his current vital signs are significant for tachy-
cardia and hypertension. An echocardiogram does not 
demonstrate structural heart disease. Which of the fol-
lowing plans describes appropriate anesthetic manage-
ment of this patient?

A. Anticipate increased opioid requirements due to in 
utero cocaine exposure.

B. Proceed with surgery under general anesthesia with 
sevoflurane.

C. Admit the patient to the NICU for medical 
stabilization prior to surgery.

D. Prepare for difficult airway management.
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chaPter 11 ansWers

1. ANSWER: C

Normal muscle contraction involves multiple steps, begin-
ning with the motor neuron and ending with muscle relax-
ation. When the nerve terminal of motor neuron becomes 
depolarized, acetylcholine is released and interacts with 
nicotinic acetylcholine receptors on the muscle membrane. 
This causes depolarization of the muscle membrane, 
which spreads to the T-tubules, where dihydropyridine 
receptors (DHPRs) are located. DHPRs are voltage-gated 
calcium channels, which allow influx of calcium into 
the muscle cell when they are activated. This calcium 
influx then initiates calcium-sensitive calcium release 
from the sarcoplasmic reticulum via ryanodine recep-
tors (RYRs). The intracellular calcium then binds tro-
ponin, causing a conformational change that exposes the 
active site on actin. This allows actin-myosin cross-linking, 
which leads to muscle contraction. Two separate pro-
cesses, excitation-coupled calcium entry (ECCE) and 
store-operated calcium entry (SOCE), involve the move-
ment of calcium from the extracellular matrix directly into 
the sarcoplasmic reticulum when calcium stores are low, 
which increases the amount of calcium available for intra-
cellular release during contraction. The process of relax-
ation is initiated when calcium is moved back into the 
sarcoplasmic reticulum against its concentration gradi-
ent, which is an ATP-dependent process. As intracellular 
calcium concentrations decline, troponin returns to its rest-
ing state and the interaction between actin and myosin is 
blocked, resulting in relaxation.

Malignant hyperthermia (MH) is a disruption of 
normal calcium homeostasis, resulting in an uncon-
trolled rise in intracellular calcium levels. The sustained 
elevation in intracellular calcium levels results in a hyper-
metabolic state due to sustained muscle contraction and 
the use of ATP to move calcium back into the sarcoplasmic 
reticulum. Hypermetabolism is the main derangement 
during an episode of MH, and results in rising arterial car-
bon dioxide levels requiring increasing minute ventila-
tion; tachycardia with arrhythmias and hemodynamic 
instability; increasing temperatures; and metabolic 
derangements, including acidosis, elevated lactate, and 
hyperkalemia. Sustained muscle contraction eventually 
leads to rhabdomyolysis with elevated myoglobin and 
creatinine kinase (CK). Complications of MH include 
multiorgan system failure, including renal failure due to 
myoglobinuria, disseminated intravascular coagulopathy 
(DIC), cerebral and pulmonary edema, and myocardial 
dysfunction.

The mainstay of treatment for MH is dantrolene 
(initial bolus dose 2.5 mg/kg), which works by decreas-
ing intracellular calcium concentrations. Mechanisms 
for this decrease include decreased release from the 

sarcoplasmic reticulum as well as decreased movement 
from the extracellular matrix via ECCE. Additional nec-
essary treatment for MH includes stopping the triggering 
anesthetic agent, cooling the patient, correcting meta-
bolic derangements (including acidosis and hyperkalemia), 
hemodynamic support and termination of arrhythmias, 
and maintaining urine output to prevent renal failure 
from myoglobinuria. One method of maintaining urine 
output is forced diuresis with mannitol. Current formula-
tions of dantrolene include 150 mg of mannitol per 1 mg 
of dantrolene. Although administration of dantrolene does 
therefore result in administration of mannitol, the mecha-
nism of action of dantrolene does not include prevention of 
acute renal failure from myoglobinuria.

Myasthenic syndromes, such as myasthenia gravis and 
Lambert-Eaton myasthenic syndrome, involve abnormal 
neuromuscular transmission due to antibodies against the 
nicotinic acetylcholine receptor or presynaptic voltage-gated 
calcium channels, respectively. These disorders are often 
treated with anticholinesterases, which result in increased 
acetylcholine at the neuromuscular junction and improved 
neuromuscular transmission. Nondepolarizing neuromuscu-
lar blocking drugs are competitive antagonists at the acetyl-
choline receptor and interrupt neuromuscular transmission 
of signals from the motor nerve. These drugs will not reduce 
the rigidity associated with MH because muscle contraction 
occurs independently of electrical transmission, and they do 
not address any of the hypermetabolic symptoms of MH.

Muscular dystrophies are characterized by abnormal 
structural proteins, leading to unstable cell membranes that 
are prone to disruption. Depending on the type of muscu-
lar dystrophy, these patients may have chronic low-grade or 
progressive cell membrane breakdown, leading to muscle 
atrophy. Succinylcholine and volatile anesthetics can fur-
ther destabilize cell membranes, leading to acute worsening 
of rhabdomyolysis and hyperkalemia. Although these fea-
tures are similar to findings in MH, there is no hyperme-
tabolism associated with these events, and these patients are 
not considered to have increased MH susceptibility.

K E Y FAC T S

• Malignant hyperthermia is a disruption of normal 
calcium homeostasis, resulting in an uncontrolled rise in 
intracellular calcium levels.

• Hypermetabolism is the main derangement and 
results in rising arterial carbon dioxide; arrhythmias; 
hemodynamic instability; increasing temperature; and 
metabolic derangements, including acidosis, elevated 
lactate, and hyperkalemia. Sustained muscle contraction 
causes rhabdomyolysis.

• The primary treatment for MH is dantrolene (initial 
bolus dose 2.5 mg/kg), which works by decreasing 
intracellular calcium concentrations.
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2 .  A NS W E R : A

MH susceptibility (MHS) is difficult to diagnose defini-
tively. The two possible methods of diagnosing MHS are 
in vitro and genetic testing. In vitro testing is the gold 
standard for MH diagnosis. This test involves obtaining 
a muscle biopsy from the vastus lateralis and then testing 
the force of contraction at baseline and during exposure 
to different levels of caffeine and halothane. This test is 
only performed at a few centers nationally, which limits 
patients’ ability to be tested. In addition, a sample of suf-
ficient size generally cannot be obtained from children 
under 20  kg, and controls for prepubescent children 
are not available. Therefore, this test is rarely performed 
in children. According to the North American protocol, 
patients who have a positive response to either caffeine or 
halothane are designated as MHS. In the European proto-
col, a positive response to both agents is required for a MHS 
diagnosis, and patients with a response to only one agent are 
designated MH equivocal (MHE). The North American 
protocol therefore has a decreased specificity with more 
false positives but fewer false negatives. A negative result on 
the contracture test rules out MHS.

Multiple genes have been associated with MHS. The 
most commonly implicated gene is the ryanodine recep-
tor gene (RYR1) on chromosome 19. However, even 
within this gene multiple mutations have been found. The 
genetic test involves screening the patient’s genes for only 
the most common mutations. Therefore, a negative test 
rules out common mutations, but it does not completely 
rule out MH susceptibility. Due to the difficulties in per-
forming the in vitro test as well as the limitations of genetic 
testing, many patients are not definitively tested for MH 
after a suspicious episode. It is therefore common to have 
patients present with a history suspicious for MH with-
out a definitive diagnosis, and further information about 
the reaction must be collected from the patient and family 
before deciding how to proceed with the anesthetic. In this 
case, MHS has been proven in a first-degree relative and the 
patient should be treated as if he is MH susceptible as well.

The preoperative preparation of MHS patients is the 
same as those without MHS. There is no indication for 
prophylactic oral dantrolene administration in this situ-
ation. The preparation of anesthetic equipment and drugs 

requires special attention. Succinylcholine should not be 
available during induction of this patient. If an anesthesia 
machine that has not been exposed to volatile anesthet-
ics (a “clean machine”) is available, it may be used for this 
patient without further preparation. If such a machine is 
not available, a contaminated anesthesia machine must be 
appropriately prepared. The vaporizers must be removed 
or labeled clearly so that they will not be mistakenly used 
during the case. Draining the vaporizers without further 
preparation of the machine is insufficient to purge the sys-
tem of residual anesthetic vapor. The machine can then be 
flushed with high flows (10 L/min) of fresh gas flow for 
a duration specified by the manufacturer. Because of the 
complexity of modern anesthesia machines, some manufac-
turers require longer flush times and the replacement of cer-
tain internal parts prior to proceeding. The carbon dioxide 
absorbent and breathing circuit should also be changed 
at this time. As an alternative to flushing the system, 
charcoal filters can be placed on the breathing circuit. 
These filters will absorb volatile anesthetics still present in 
the machine. Manufacturer recommendations regarding 
minimum gas flows and maximum duration for each filter 
should be followed. The actions listed in Answers B, C, and 
D are all part of the process to prepare anesthesia work sta-
tion. However, none of those actions is sufficient as the only 
preparation for an MH-susceptible patient.

Postoperative management of MHS patients 
depends on the intraoperative course. If these patients 
display evidence of hypermetabolism or require dantrolene 
administration intraoperatively, they should be closely mon-
itored postoperatively, likely in an intensive care setting. If 
the anesthetic proceeds uneventfully, the patient should be 
monitored in the PACU, as MH can occur postoperatively. 
Hemodynamics and EKG monitoring are helpful, and a 
urine dipstick for myoglobin should be considered if there 
are concerning signs for development of MH. Depending 
on the institution’s protocol, once these patients have met 
a minimum duration for postoperative monitoring without 
any signs of hypermetabolism, they may be sent home on 
the day of surgery.

K E Y FAC T S

• The two possible methods of diagnosing MHS are in 
vitro and genetic testing. In vitro testing is the gold 
standard, but it is not easily obtained. Negative genetic 
testing rules out common mutations but does not 
completely rule out MH susceptibility.

• Adequate preparation of a contaminated anesthesia 
work station involves purging the machine with high 
gas flows and replacing the carbon dioxide absorbent 
and breathing circuit. Placing charcoal filters on 
the breathing circuit is an alternative to purging the 
machine.

 

 

 

 



genetIcs  •   295

•  Vaporizers should be removed or disabled, and 
succinylcholine should not be available in the operating 
room to prevent accidental administration.
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3 .  A NS W E R : A

Although malignant hyperthermia (MH) has previously 
been linked to multiple neuromuscular disorders, many of 
those associations have been proven to be untrue. The only 
neuromuscular disorders proven to have an increased 
association with MH are central core disease (CCD), 
multiminicore disease (MmD), and King-Denborough 
syndrome (KDS). CCD is a congenital myopathy and 
was the first myopathy with a proven link to MH. It is also 
caused by mutations of the RYR1 gene. “Central core” 
refers to a histologic pattern with an area of decreased 
staining extending along the center of the muscle fibers 
due to decreased mitochondria and other organelles. The 
clinical presentation is variable and includes hypoto-
nia, lower limb and pelvic weakness, and delayed motor 
milestones. Similarly, MmD is a myopathy with histo-
logically abnormal muscle cells that have isolated cores 
of decreased staining. This disease may progress to CCD 
over time and manifests with variable degrees and distribu-
tion of motor weakness, joint laxity, and scoliosis. Patients 
with KDS also have abnormal RYR1 receptors. Their 
presentation includes abnormal facies, proximal mus-
cle weakness, pectus deformity, scoliosis, joint laxity, 
cryptorchidism, and mental delay.

Patients with Duchenne muscular dystrophy have 
deficiencies in the protein dystrophin, which leads to 
unstable cell membranes. Exposure to volatile anesthet-
ics further destabilizes these membranes, and forceful con-
traction associated with succinylcholine causes increased 
mechanical stress on the membranes. Exposure to either 
anesthetic agent can therefore lead to increased cell break-
down leading to rhabdomyolysis and hyperkalemia, 
which can lead to renal failure and cardiac arrest. These 
events are similar to those seen in an MH episode and had 
previously been interpreted as patients being at increased 
risk for MH susceptibility (MHS). However, there is no 
hypermetabolism seen during these events, which is the 
cornerstone of MH. It is now believed that there is no 
increased MHS in these patients.

Patients with myotonia have delayed relaxation of 
skeletal muscle after voluntary contraction or electrical 
stimulation. This stiffness associated with exacerbations 
of myotonia under general anesthesia may be difficult to 
distinguish from the generalized stiffness associated with 
MH and has also led to an erroneous association with MH. 
Most myotonic syndromes, including myotonic dystrophy, 
myotonia and paramyotonia congenita, and hyperkalemic 
periodic paralysis, are not associated with any increase 
in MHS. Hypokalemic periodic paralysis has a possible, 
though unproven, increase in MHS.

Neuroleptic malignant syndrome (NMS) has 
many features in common with MH, including hyper-
metabolism, muscle rigidity, autonomic instability, 
increased CK and myoglobin, altered mental sta-
tus, and progression to multiorgan failure. However, 
unlike MH, neuroleptic malignant syndrome progresses 
over days. In addition, the underlying problem in neu-
roleptic malignant syndrome is thought to be central 
dopamine deficiency (due to administration of dopa-
mine antagonists or withdrawal of dopamine agonists) 
and is not linked to calcium homeostasis. The treat-
ment for NMS is bromocriptine (a dopamine ago-
nist), though there are case reports of effective treatment 
with dantrolene. Patients with a history of NMS toler-
ate anesthetic drugs that are MH triggers without an 
increased incidence of MH.

K E Y FAC T S

• The only neuromuscular disorders proven to have 
an increased association with MH are central core 
disease, multiminicore disease, and King-Denborough 
syndrome.

• Although patients with muscular dystrophies and 
myotonic disorders can have similar findings to those 
with MH (rhabdomyolysis and hyperkalemia or 
sustained muscle contractions, respectively), there is no 
association between MH and those disorders.

• Neuroleptic malignant syndrome has a similar 
presentation to MH. However, NMS is caused by 
central dopamine deficiency, progresses over days, and 
treatment is with a dopamine agonist. Patients with 
NMS can receive anesthetic drugs that are MH triggers 
without adverse effects.
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4 .  A NS W E R : B

The muscular dystrophies are a group of genetic mus-
cle disorders in which structural abnormalities of the 
muscle cytoskeleton lead to progressive muscle degen-
eration and replacement with fibrous or fatty tissue. The 
most common muscular dystrophies are the dystrophi-
nopathies. Duchenne muscular dystrophy (DMD) is 
caused by a gene deletion leading to complete absence of 
dystrophin, whereas Becker muscular dystrophy (BMD) 
is caused by a gene mutation leading to partial absence of 
this protein. Patients with DMD have symptom onset 
at 3–5  years old, though they may have slightly delayed 
motor milestones prior to that time. These patients have 
painless muscle degeneration that is progressive and sym-
metric, typically involving the lower extremities before the 
upper and proximal muscles before distal. Patients ini-
tially present with pelvic weakness, including abnormal 
gait and difficulty climbing stairs or rising from a sitting 
position, and calf pseudohypertrophy. They are typi-
cally wheelchair bound by 10–12 years old and develop 
upper-extremity weakness and difficulty performing ADLs 
by their mid-teens.

As the disease progresses, they develop fixed skeletal 
deformities, which complicate their care. These patients 
develop a restrictive respiratory defect that is exacerbated 
by scoliosis and are prone to aspiration due to pharyngeal 
weakness. Cardiac muscle is also affected and patients may 
develop dilated cardiomyopathy with valve regurgita-
tion, conduction defects and arrhythmias, and right 
ventricular dysfunction. Of note, cardiac dysfunction 
does not correlate with the degree of muscle weakness 
and may be more significant than expected based on the 
patient’s musculoskeletal symptoms. Death usually occurs 
by the late teens or mid-20s and is usually from respiratory 
(75%) or cardiac (25%) causes. BMD has many of the same 
features of DMD but a milder course, including later 
onset, slower progression, and longer life expectancy. 
Defects in other structural proteins cause other muscular 
dystrophies with variable presentations. Emery-Dreifuss 
muscular dystrophy is of particular concern to anesthesi-
ologists because these patients have severe cardiac defects 
and may have sudden cardiac death.

The perioperative evaluation and management of 
DMD patients should focus on the extent of involvement 
of musculoskeletal, respiratory, cardiac, and gastro-
intestinal systems, especially in advanced stages of the 
disease. Muscular weakness may lead to respiratory insuf-
ficiency or a decreased ability to handle secretions and 
protect the airway and will also increase sensitivity to 
nondepolarizing muscle relaxants. Contractures may 

make patient positioning for intravenous access, regional 
anesthesia, and surgical procedures difficult. DMD patients 
develop restrictive lung disease due to both muscular weak-
ness and scoliosis. Pulmonary function testing (PFTs), 
chest X-ray, and arterial blood gas measurements 
should be considered during preoperative evaluation of 
these patients. These patients may be chronically hypox-
emic and hypercarbic, predisposing them to right ven-
tricular failure over time. This may affect the decision to 
control ventilation both intra- and postoperatively for these 
patients. In addition, airway management may be diffi-
cult due to contractures of the cervical spine and jaw as well 
as tongue hypertrophy.

DMD patients may have significant cardiac involvement, 
even relatively early in the course of the disease. Patient his-
tory may be unreliable in detecting cardiac involvement, as 
these patients typically have very limited physical exertion. 
Therefore, an EKG and/or echocardiogram should be 
considered in the preoperative evaluation of these patients. 
Dilated cardiomyopathy with valve regurgitation and 
abnormal cardiac conduction are common findings. 
Invasive cardiac monitoring should be considered for 
patients with advanced disease. Gastrointestinal hypomo-
tility and pharyngeal weakness predispose these patients to 
aspiration and should be assessed.

The PFTs presented in Answer A are consistent with an 
obstructive defect. Rather, a restrictive defect due to muscle 
weakness and scoliosis would be expected in this patient. 
This patient is expected to have respiratory acidosis due 
to inadequate alveolar ventilation, not respiratory alkalosis 
(Answer D). Creatinine kinase (CK) is dramatically ele-
vated in DMD patients, especially early in the course of the 
disease. During an acute exacerbation of rhabdomyolsis, 
patients may develop renal failure from myoglobinuria. 
However, creatinine (Answer C) is not expected to be ele-
vated at baseline in DMD patients.

K E Y FAC T S

• Muscular dystrophies are genetic muscle disorders 
in which structural abnormalities of the muscle 
cytoskeleton lead to progressive muscle degeneration.

• The dystrophinopathies (Duchenne and Becker 
muscular dystrophy) are due to abnormalities of 
dystrophin and are the most common muscular 
dystrophies.

• In addition to musculoskeletal abnormalities, many 
patients have cardiac involvement, which may be more 
severe than the musculoskeletal symptoms. Patients 
with Emery-Dreifuss muscular dystrophy, in particular, 
have severe cardiac defects and may have sudden 
cardiac death.

• The perioperative evaluation and management 
of DMD patients is determined by the extent of 
involvement of musculoskeletal, respiratory, cardiac, 
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and gastrointestinal symptoms. Consideration should 
be given to cardiac and pulmonary preoperative 
evaluation, invasive cardiac monitoring, difficult airway 
management, and possible postoperative ventilation.
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5 .  A NS W E R : C

Duchenne muscular dystrophy (DMD) is caused by an 
absence of dystrophin, a structural protein in muscle cells. 
This absence leads to decreased membrane stability dur-
ing the mechanical stress of contraction and relaxation, 
leading to muscle breakdown and replacement with fibrous 
or fatty tissue. In addition, dystrophin plays a role in orga-
nizing postsynaptic acetylcholine receptors. Its absence 
leads to abnormal type, number, and location of acetyl-
choline receptors, similar to what is seen in denervated 
muscle.

Exposure of DMD patients to succinylcholine and 
volatile agents, including sevoflurane, can lead to rhab-
domyolysis and hyperkalemia, which in turn causes 
myoglobinuria and renal failure, arrhythmias, and car-
diac arrest. The hyperkalemia from acute rhabdomyolysis 
is refractory to treatment and may require prolonged 
resuscitation. Administration of succinylcholine in the 
setting of abnormal, extrajunctional acetylcholine 
receptors leads to hyperkalemia. In addition, the force 
of contraction from fasciculations caused by succi-
nylcholine may be sufficient to disrupt the fragile cell 
membranes. Volatile agents cause further destabiliza-
tion of the already unstable muscle membrane, result-
ing in cell breakdown. The risk of rhabdomyolysis and 
hyperkalemia from these agents is highest in young 
children who may be previously undiagnosed or who are 
early in the course of their disease and still have normal 
muscle mass. Fatal hyperkalemia and cardiac arrest has 
been documented after succinylcholine exposure in previ-
ously healthy children who were later determined to have 
undiagnosed muscular dystrophy. This led the FDA to 
issue a black box warning against the elective use of succi-
nylcholine in children. Older patients with significant mus-
cle wasting may not have sufficient muscle mass to cause 
clinically significant hyperkalemia after cell breakdown. 

Of  note, these complications can occur postoperatively 
after an uneventful anesthetic, so careful postoperative 
monitoring is required. Although this pattern of events is 
similar to malignant hyperthermia (MH), there is no dis-
ruption in calcium homeostasis and no hypermetabolism, 
which is the hallmark of MH. There is no link between 
muscular dystrophy and MH.

Older patients with advanced disease can have sig-
nificant respiratory and cardiac involvement. DMD 
patients develop restrictive lung disease and chronic 
hypoventilation, predisposing them to respiratory failure 
after administration of respiratory depressants or mus-
cle relaxants. Cardiac involvement may include dilated 
cardiomyopathy, valve regurgitation, and conduction sys-
tem defects. These patients are prone to cardiac failure 
or arrest after administration of cardiac depressant 
medications, including volatile anesthetics, or arrhyth-
mogenic drugs. Invasive cardiac monitoring should be 
considered for these patients and resuscitation medications 
should be available. These complications would be unlikely 
in a 5-year-old child who is early in the course of his disease.

K E Y FAC T S

• The absence of dystrophin in patients with DMD causes 
decreased muscle membrane stability during mechanical 
stress and leads to an abnormal type, number, and 
location of acetylcholine receptors on the muscle 
membrane.

• Exposure of DMD patients to succinylcholine and 
volatile agents causes rhabdomyolsis and hyperkalemia, 
resulting in arrhythmias and cardiac arrest. Young 
patients with nearly normal muscle mass are the most 
susceptible to these complications, while older patients 
may not have sufficient muscle mass to generate 
clinically relevant hyperkalemia from rhabdomyolysis.

• DMD patients with advanced disease are likely to 
have baseline cardiac and respiratory disease and are 
prone to respiratory or cardiac failure after exposure to 
anesthetics.
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6 .  A NS W E R : C

Duchenne and Becker muscular dystrophy (DMD and 
BMD) are x-linked abnormalities of the dystrophin gene 
that result in unstable muscle cell membranes, leading to 
progressive muscle breakdown and replacement with fibrous 
or fatty tissue. These diseases are characterized by progres-
sive muscle wasting and weakness with significant car-
diac and respiratory involvement. DMD is a complete 
absence of dystrophin that occurs in 1:3500 live male 
births with up to one third of cases due to a spontaneous 
mutation, meaning there will be no family history of the 
disease. BMD is a partial absence of dystrophin with a less 
severe clinical course. In both cases, female carriers of the 
disease may be asymptomatic or have only subclinical 
weakness. They can, however, have significant cardiomy-
opathy despite a lack of musculoskeletal symptoms.

This patient is a female with a first-degree male relative 
with DMD. She is, therefore, a possible carrier of the disease. 
If she is a carrier, she may have an underlying cardiomy-
opathy significant enough to result in intraoperative car-
diac failure, and she is also at risk for rhabdomyolysis and 
hyperkalemic arrest after exposure to succinylcholine or 
volatile anesthetics. Both events can lead to cardiac arrest. 
She is unlikely to have muscle weakness that is significant 
enough to result in respiratory failure, aspiration, or abnor-
mal response (such as increased sensitivity or prolonged dura-
tion) to nondepolarizing muscle relaxants. She is most likely 
to have an uneventful anesthetic despite her carrier status.

K E Y FAC T S

• Duchenne and Becker muscular dystrophy are x-linked 
abnormalities of the dystrophin gene. Up to one third 
of DMD patients have a spontaneous mutation, so there 
will be no family history of the disease.

• Female carriers of these disorders are usually 
asymptomatic but may have significant cardiomyopathy. 
These patients may have significant perioperative 
cardiac complications related to their underlying 
cardiomyopathy or due to rhabdomyolysis and 
hyperkalemic arrest after anesthetic exposure.
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7.  A NS W E R : D

Myotonia is defined as temporary involuntary 
muscle contraction caused by transient membrane 

hyperexcitability. These contractions generally occur after 
the muscle undergoes voluntary contraction or electri-
cal stimulation. The underlying pathology is prolonged 
depolarization of the muscle due to abnormal electro-
lyte channels, including chloride, sodium, calcium, or 
potassium channels. Myotonic disorders are characterized 
as dystrophic or nondystrophic. Dystrophic forms include 
myotonic dystrophy types 1 (Steinert disease) and type 
2 (previously named proximal myotonic myopathy or 
PROMM). In addition to myotonia, these patients have 
dystrophic muscle fibers, display muscle wasting and are 
susceptible to many of the same anesthetic complica-
tions as muscular dystrophy patients. Nondystrophic 
forms include myotonia congenita, paramyotonia 
congenita, and both hyper- and hypokalemic periodic 
paralysis.

Each of these diseases has a unique clinical presen-
tation in terms of onset, duration, and triggers for 
myotonic contractions. Prolonged contractions may 
interfere with the ability to intubate and ventilate the 
patient and may affect positioning and ability of the sur-
geons to complete their procedure. Triggers may include 
pain or stress, hypothermia, and abnormal electrolytes 
or glucose levels. In general, the anesthetic plan should 
include adequate anesthetic depth for the surgical proce-
dure, as well as maintenance of normothermia and nor-
mal electrolyte levels to prevent the onset of myotonic 
contractions. Additional triggers under anesthesia 
include the administration of succinylcholine and pos-
sibly anticholinesterases given for reversal of neuromus-
cular blockade as well as the use of electrocautery by the 
surgical team. In dystrophic forms of myotonic disorders, 
succinylcholine may also cause hyperkalemia.

If myotonic contractures occur intraoperatively, the 
administration of sodium channel blockers, such as pro-
cainamide, can help restore the normal muscle mem-
brane potential and therefore terminate the sustained 
contraction. Nondepolarizing muscle relaxants and local 
anesthetics applied to a peripheral nerve will both interrupt 
neuromuscular transmission. However, the sites of action of 
these drugs are too proximal in the signaling pathway and 
will not stop the downstream effects of membrane excit-
ability that cause myotonic contractions (Answers A  and 
B). Dantrolene works by decreasing intracellular calcium 
levels and is used for the treatment of malignant hyperther-
mia (MH). Although it may diminish the force of myotonic 
contractions, it will not reverse the underlying membrane 
hyperexcitability that is causing the contractions (Answer 
C). Myotonic contractions are not a symptom of MH, 
and there is no link between myotonic disorders and MH.

K E Y FAC T S

• Myotonia is a temporary involuntary muscle contraction 
caused by transient membrane hyperexcitability due to 
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prolonged depolarization caused by abnormal electrolyte 
channels.

• Triggers for myotonia are variable but can include pain 
or stress, hypothermia, abnormal electrolyte or glucose 
levels, succinylcholine, and possibly anticholinesterase 
administration and surgical electrocautery use.

• Anesthetic management should be directed at 
preventing myotonic contractures. If they occur, sodium 
channel blockers can terminate sustained contraction by 
re-establishing normal membrane potentials.
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8 .  A NS W E R : B

Myotonic dystrophy, also called dystrophica myoto-
nia (DM), is a multisystem disorder that affects skel-
etal, smooth, and cardiac muscle as well as the central 
nervous system (CNS) and endocrine systems. DM 
1 (Steinert disease) is the most common form of the dis-
ease. Symptom onset is usually in the 20s–30s, but patients 
may begin to show muscular symptoms at an earlier age. 
Musculoskeletal symptoms include distal and bulbar 
muscle weakness and wasting with myotonia. Cardiac 
involvement, including conduction defects, cardiomy-
opathy, and valve regurgitation that may result in early 
death, are common and do not correlate with the degree 
of muscular symptoms. Patients are also prone to obstruc-
tive sleep apnea with abnormal central responses to 
hypercarbia, endocrinopathies, including insulin resis-
tance and testicular failure, and cataracts. Symptom pro-
gression can cause significant disability and may result in 
death by the fifth to sixth decade from respiratory or car-
diac failure. DM 2 is a more mild form of the disease with 
less prominent symptoms and a normal life expectancy. 
However, these patients can still be at risk of sudden car-
diac death. The congenital form manifests as severe hypo-
tonia at birth with a high mortality rate from respiratory 
failure. Patients who survive past infancy show improve-
ment in their motor function, but then develop a progres-
sive myopathy and mental retardation. Myotonic dystrophy 
has an autosomal dominant transmission and diagnosis by 
DNA testing is 100% sensitive.

Patients with myotonic dystrophy are at risk for mul-
tiple anesthetic complications both intra- and postop-
eratively. As with nondystrophic myotonic patients, these 

patients may develop myotonic contractures intra- or 
postoperatively due to pain or stress, hypothermia, abnor-
mal electrolytes, or the use of succinylcholine and possi-
bly anticholinesterases as part of the anesthetic. Baseline 
muscle weakness and wasting must be assessed prior to 
the anesthetic. Patients with significant weakness should 
have careful titration of nondepolarizing muscle relax-
ants and may require postoperative ventilation. Patients 
with significant pharyngeal weakness may be at risk for 
aspiration and should be treated appropriately. Due to 
their baseline tendency for obstructive sleep apnea as well 
as abnormal central response to hypercarbia, DM patients 
are exquisitely sensitive to all intravenous anesthet-
ics, including propofol, benzodiazepines, and opioids 
(Answer C). Even small doses of these medications can pro-
duce profound and long-lasting respiratory depression 
and should be titrated carefully. A regional anesthetic for 
pain control may be beneficial where appropriate. As pre-
viously mentioned, these patients may have cardiac disease 
out of proportion to their musculoskeletal symptoms and 
may be at increased risk for cardiac decompensation and 
arrhythmias intra- or postoperatively. A cardiac evaluation 
with EKG or echocardiogram should be considered. There 
is no link between myotonic dystrophy and malignant 
hyperthermia.

K E Y FAC T S

• Myotonic dystrophy affects skeletal, smooth, and 
cardiac muscle as well as the CNS and endocrine system. 
Musculoskeletal symptoms include weakness, wasting, 
and myotonia.

• Cardiac symptoms include conduction defects, 
cardiomyopathy, and valve regurgitation and are often 
out of proportion to musculoskeletal findings. Cardiac 
evaluation should be considered prior to anesthesia even 
in patients without musculoskeletal symptoms.

• DM patients are prone to obstructive sleep apnea and 
have abnormal central responses to hypercarbia. They are 
profoundly sensitive to the respiratory depressant effects 
of all intravenous anesthetics and may have profound 
and long-lasting respiratory depression even after 
small doses.
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9.  A NS W E R : B

The mitochondrial myopathies are a group of disorders 
caused by defects in the respiratory chain and oxidative 
phosphorylation pathways. Defects in these pathways 
cause disrupted energy metabolism, free radical damage, 
and alterations in protein phosphorylation. These patients 
have a decreased ability to use oxygen and generate ATP 
effectively. Metabolically active tissues, such as the 
brain, heart, muscle, liver, and kidney, are affected first. 
Mitochondrial function is determined by a combination of 
nuclear and mitochondrial genetics. Unlike nuclear genes, 
mitochondrial genes are entirely maternally derived. 
Mitochondria are randomly partitioned during mitosis 
between dividing cells, leading to different populations of 
mitochondria in each daughter cell, causing extreme vari-
ability between offspring and even between different tissues 
within the same patient. In addition, mitochondrial DNA 
is more prone to spontaneous mutation than nuclear DNA. 
Given these factors, the inheritance of mitochondrial disor-
ders, as well as the onset and severity of the disease, is dif-
ficult to predict.

The manifestations of mitochondrial disorders are 
dependent on the mutant mitochondrial load within 
each tissue and can therefore be very variable between 
patients. The presenting symptoms typically involve the 
central nervous system (seizure, stroke-like episodes, 
dementia, ataxia, myoclonus, dystonia, peripheral neuropa-
thy, visual and auditory deficits), musculoskeletal system 
(hypotonia, myopathy, myoglobinuria, respiratory insuffi-
ciency), and cardiovascular system (cardiomyopathy, con-
duction defects). In addition, patients may have endocrine, 
gastrointestinal, hepatic, and renal findings. These patients 
may be prone to the development of lactic acidosis when 
energy demands are high or supplies are limited, such 
as during times of physiologic stress or fasting. These 
disorders may be managed with dietary restrictions and 
supportive care.

Specific mitochondrial myopathies include MELAS 
(mitochondrial myopathy, encephalopathy, lactic acidosis, 
and stroke-like episodes), MERRF (myoclonic epilepsy, 
ragged-red fibers), Kearns-Sayre syndrome, Leigh disease, 
and Leber hereditary optic neuropathy. Patients with 
Kearns-Sayre syndrome in particular are prone to heart 
block during anesthesia and must be monitored closely. 
Patients with Leigh disease can have brainstem involvement 
leading to abnormal respiratory control and dysautonomia.

Central core disease is a congenital myopathy. 
“Central core” refers to a histologic pattern of an area of 
decreased staining along the center of muscle fibers due to 
decreased mitochondria and other organelles. The defect for 
central core disease lies within the ryanodine receptor, not 
mitochondrial DNA. Patients with Becker muscular dys-
trophy have a partial absence of dystrophin, a cytoskel-
etal protein, which leads to cell structural abnormalities. 

These cells are prone to breakdown, leading to progressive 
muscle degeneration and replacement with fibrous or fatty 
tissue. Myotonia congenita is a nondystrophic myotonia. 
Patients with this disease may have uncontrolled sus-
tained contractions after a voluntary motion (myoto-
nia) and muscle hypertrophy. The defect in these diseases is 
not related to deficient energy production.

K E Y FAC T S

• Mitochondrial myopathies are disorders that result 
in a decreased ability to use oxygen and generate ATP 
effectively. Metabolically active tissues, such as the brain, 
heart, muscle, liver, and kidney, are primarily affected.

• Mitochondrial genes are maternally derived. They 
are randomly partitioned during mitosis, resulting 
in extremely variable mitochondrial populations 
between offspring and between tissues within the same 
patient. The inheritance and clinical presentation of 
mitochondrial disorders is highly variable.

• Patients with mitochondrial disorders develop lactic 
acidosis when energy demands exceed the supply, which 
may occur during times of physiologic stress and fasting.
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10 .  A NS W E R : D

Patients with mitochondrial myopathies have defects in 
their respiratory chain and oxidative phosphorylation path-
ways. These defects cause inefficient oxygen use and ATP 
generation, which affects mostly metabolically active 
tissues, such as the brain, heart, muscle, liver, and kidney. 
In a situation where energy requirements are increased by 
physiologic stress or supplies are limited by fasting, these 
patients are prone to the development of lactic acido-
sis. The perioperative goals for managing these patients 
are to maintain metabolic stability and energy produc-
tion and to decrease perioperative stressors that could 
increase energy demands.

Preoperative evaluation of these patients should include 
documentation of baseline neurologic and motor func-
tion, cardiac and respiratory evaluation, and an assess-
ment of the patient’s dietary management and response 
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to fasting. To maintain metabolic stability and decrease 
the risks for hypoglycemia and hypovolemia, patients with 
mitochondrial myopathies should have minimal fasting 
times. If possible, they should be scheduled early in the 
day or be admitted prior to their procedure for intrave-
nous hydration. Intravenous fluids should contain dex-
trose as an energy supply and should not contain lactate 
to minimize the development of lactic acidosis. These 
patients may develop endocrine issues, such as diabetes, 
which may complicate glucose management. In this case, 
starting 5% dextrose in normal saline at the patient’s nor-
mal maintenance rate preoperatively would be appropriate. 
Fluid restricting the patient to 30 mL/hour would not be 
appropriate. Perioperative stressors such as hypothermia 
with shivering and inadequate pain control will increase 
energy demands and should be avoided. Anemia and hypo-
tension will both lead to decreased oxygen supply to tissues 
and should also be avoided. Drug choice is also important, 
as all general anesthetics depress mitochondrial func-
tion to some extent. However, many different techniques 
have been used successfully. Patients with abnormalities of 
complex I may have increased sensitivity to volatile agents. 
Patients with some subsets of mitochondrial disorders 
may develop findings similar to propofol infusion syn-
drome after high doses or prolonged infusion of the drug 
due to the effects of the lipid carrier on fatty acid oxidation 
and the mitochondrial respiratory chain. However, small 
doses and short infusions of propofol have been used in 
these patients. Neuromuscular blocking drugs and sedative 
medications should be titrated carefully to prevent respira-
tory complications. Succinylcholine should be avoided 
in myopathic patients due to increased hyperkalemic 
response, though there is no link between mitochondrial 
myopathies and malignant hyperthermia.

K E Y FAC T S

• The perioperative goals for patients with mitochondrial 
myopathies are to maintain metabolic stability and 
energy production and to decrease perioperative stressors 
that could increase energy demands.

• Fasting times should be minimized and intravenous 
fluids should be given during prolonged fasts.

• Fluids should contain dextrose as an energy supply and 
should not contain lactate.

• Perioperative stressors that should be avoided include 
hypothermia with shivering, inadequate pain control, 
anemia, and hypotension.

• All general anesthetics inhibit mitochondrial 
function to some extent, but many techniques have 
been successfully used. Some subsets of patients with 
mitochondrial disorders can develop findings similar to 
propofol infusion syndrome after prolonged exposure to 
the drug.
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11.  A NS W E R : A

Congenital myopathies are a heterogeneous group of 
genetic disorders of muscle fibers. These disorders may 
have a number of different causes, including abnormali-
ties in the internal structure of muscle cells (central core 
disease, minicore disease, and myotubular myopathy), 
protein accumulation (nemaline myopathy), or variation 
in muscle size (congenital fiber type disproportion). These 
disorders are very variable in terms of inheritance, age 
of onset, severity of symptoms, and pattern of progres-
sion. General features of these diseases include hypotonia, 
weakness, and reduced deep tendon reflexes. In the more 
severe disease forms, this can progress to the development 
of restrictive lung disease, respiratory insufficiency, and 
contractures or scoliosis. Patients commonly have dys-
morphic facies, including a high-arched palate, mid-face 
or mandibular hypoplasia, and dental malocclusion 
that can make airway management difficult (Answer A). 
Cardiac involvement, manifest as cardiomyopathy or con-
duction abnormalities, may be present.

The anesthetic management of these patients is com-
plicated by their baseline muscular, respiratory, and 
cardiac issues. Preoperative evaluation should include an 
assessment of their cardiac and respiratory status, includ-
ing EKG, echocardiogram, chest X-ray, pulmonary 
function testing, or arterial blood gas analysis, as indi-
cated. Patients with severe respiratory involvement or sco-
liosis may require postoperative ventilator support. The 
airway anatomy should be carefully assessed as manage-
ment may be difficult. Contractures and scoliosis may 
affect positioning, vascular access, and regional anesthetic 
technique. Nondepolarizing muscular blockade and 
respiratory depressants should be carefully titrated 
and succinylcholine should be avoided due to risk for 
rhabdomyolysis.

Central core disease and minicore disease are caused 
by mutations on chromosome 19 at the ryanodine recep-
tor and are both associated with malignant hyperther-
mia susceptibility. Other congenital myopathies, such as 
myotubular myopathy, are not associated with malignant 
hyperthermia and do not require trigger-free anesthet-
ics. Patients with mitochondrial myopathies are prone to 
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lactic acidosis during times of stress and should not have 
lactate-containing fluids. This is not the case for congenital 
myopathies.

K E Y FAC T S

• Congenital myopathies are a heterogeneous group of 
genetic muscle fiber disorders. They are variable in terms 
of onset, symptom severity, and pattern of progression.

• Patients generally have hypotonia and weakness and in 
severe cases can develop respiratory insufficiency and 
contractures.

• These patients commonly have dysmorphic facies, which 
can cause difficult airway management. They may have 
cardiac abnormalities.

• Central core disease and minicore disease are associated 
with malignant hyperthermia. Other congenital 
myopathies are not.
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12 .  A NS W E R : D

Dwarfism is a term used to describe the phenotype of short 
stature with associated limb deformities. It can be caused by 
over 350 disorders, including osteochondrodysplasias and 
mucopolysaccharidoses. Achondroplasia is an osteochon-
drodysplasia and is the most common form of dwarf-
ism. It is caused by mutations of fibroblast growth factor-3 
(FGFR-3) and is usually a sporadic mutation, though 
autosomal dominant inheritance is possible. Patients with 
achondrodysplasia have a short stature, due to short extrem-
ities and a normal trunk, and have a normal mental status 
and life expectancy.

These patients have multiple head and neck abnor-
malities that affect both their airway and neurologic 
systems. Patients have macrocephaly with midface hypo-
plasia, causing narrow nasal passages or choanal stenosis, 
and micrognathia (though their mandibles may appear 
prominent due to midface hypoplasia). In addition, they 
have tonsil and adenoid hypertrophy, macroglossia, 
high-arched palates, and decreased temporomandibular 
joint mobility. The combination of midface hypoplasia 
and micrognathia with soft tissue enlargement predis-
poses these patients to upper airway obstruction and 
obstructive sleep apnea. Patients may have airway obstruc-
tion with the neck in a flexed position even while they are 

awake. In addition, patients with achondroplasia have short 
necks and are predisposed to foramen magnum stenosis. 
This stenosis may cause hydrocephalus and increased 
intracranial pressure as well as brainstem compression 
leading to upper motor neuron weakness, central sleep 
apnea, and respiratory distress that becomes acutely 
worse during extremes of positioning.

Scoliosis and abnormalities of the rib cage can cause 
restrictive lung disease with further worsening of the 
respiratory status. Patients with achondroplasia typically do 
not have congenital heart disease, though they may develop 
right-sided heart failure due to chronic hypoxemia and 
hypercarbia associated with sleep apnea and restrictive 
lung disease. The upper airway obstruction and restriction 
to jaw and neck movement caused by the physical abnor-
malities of achondroplasia have a significant impact on 
airway management. Upper airway obstruction leads to 
difficult mask ventilation, and restricted joint movement 
may make laryngoscopy difficult. Extreme caution should 
be exercised during neck positioning both during airway 
management and intraoperatively.

Mucopolysaccharidoses are a group of inherited meta-
bolic disorders that lead to mucopolysaccharide deposition 
in a variety of tissues throughout the body. Some of these 
disorders, such as Hurler syndrome, Hunter syndrome 
and Morquio syndrome, are causes of dwarfism and, 
like achondroplasia, are associated with micrognathia and 
narrow nasal passages. In addition, these patients have 
mucopolysaccharide deposition in the airway leading to 
enlarged tonsils and adenoids, thickened and abnormal 
appearing glottic structures, and tracheal and bron-
chial narrowing. Mucopolysaccharide deposition severely 
complicates airway management, but it is not part of the 
presentation of achondroplasia.

Osteogenesis imperfecta and osteopetrosis are both 
bone disorders associated with pathologic fractures. Patients 
with these disorders can suffer damage to the teeth, man-
dible, and cervical spine during airway management, 
necessitating extreme care during manipulation. They may 
also have platelet defects or other coagulopathies predis-
posing them to bleeding after airway trauma. This, how-
ever, is not a finding of achondroplasia.

K E Y FAC T S

• Patients with achondroplasia have multiple head 
and neck anomalies, including midface hypoplasia, 
micrognathia, macroglossia, tonsil and adenoid 
hypertrophy, and foramen magnum stenosis, which 
affect their airway and neurologic systems. The 
brainstem compression caused by foramen magnum 
stenosis can be position dependent. Extreme caution 
should be used during head and neck positioning.

• Airway management in patients with 
mucopolysaccharidoses is complicated by tonsil and 
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adenoid enlargement, thickened glottic structures, 
and tracheal and bronchial narrowing due to 
mucopolysaccharide deposition.

• Patients with osteogenesis imperfecta and osteopetrosis 
can suffer damage to their teeth, mandible, and cervical 
spine during airway manipulation and may have 
bleeding after airway trauma due to platelet defects or 
other coagulopathies.
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13 .  A NS W E R : C

Osteogenesis imperfecta (OI) is a disorder character-
ized by extremely frail bones that are prone to fracture. 
This disorder is caused by collagen mutations and may be 
either autosomal dominant or recessive. OI type I  is the 
most common and mildest form of this disease, type II 
is the most severe and is usually lethal in the neonatal 
period, while types III and IV are intermediate in sever-
ity. Patients have fragile bones that are prone to fracture 
after minimal trauma, predisposing them to bone mal-
formations, including long bone bowing and short stature, 
scoliosis, kyphosis, and joint hypermobility.

Patients with type I  disease have fractures starting in 
childhood that improve after puberty, those with type III 
and IV have fractures in infancy with variable degrees of 
malformation, while those with type II disease are born 
with multiple severe antenatal or intrapartum fractures. 
Type I patients may also have blue sclerae, otosclerosis 
with hearing loss, platelet dysfunction, and hyperthy-
roidism, but they tend to have normal cardiac valves and 
teeth. Patients with type III and IV disease may have 
abnormal facies with micrognathia and abnormal den-
tition (dentinogenesis imperfecta), and they can develop 
acquired cardiac valvular disease as well as pulmonary 
hypertension due to restrictive lung disease.

Anesthetic implications of OI relate to the prevention 
of intraoperative fractures as well as the management of 
any cardiac, hematologic, or endocrine disease that may be 
present. Intraoperative fractures may occur during air-
way manipulation (dental, mandible, or cervical spine 
injury) and positioning. In addition, surgical tourni-
quets and noninvasive blood pressure cuffs can cause 
fractures, which may necessitate an arterial line for moni-
toring. Succinylcholine is relatively contraindicated, as 
fasciculations may also cause fractures. Patients with OI 
have an increased metabolic rate, which may necessitate 

an increased minute ventilation to achieve normocarbia 
and can result in hyperthermia during surgical procedures. 
There is no link between OI and malignant hyperther-
mia (Answer B).

Osteopetrosis is also characterized by abnormal bone. 
Patients with this disorder have normal bone formation 
in the presence of deficient bone resorption, leading to 
an inability to replace immature bone with mechanically 
stronger lamellar bone. This results in hard, brittle bones 
that fracture easily and obliteration of medullary spaces 
with decreased hematopoiesis. Patients present with 
growth retardation, pathologic fractures, macroceph-
aly, and restricted joint motion. Airway abnormalities 
include obstruction due to bony encroachment, mandib-
ular overgrowth, and decreased temporomandibular 
joint and cervical spine motion. Patients are also prone to 
nerve entrapments, brainstem compression, and increased 
intracranial pressure. Bone marrow failure leads to pan-
cytopenia with increased infectious and bleeding risks. 
Associated electrolyte abnormalities, including low cal-
cium and elevated phosphate, can lead to abnormal car-
diac conduction. Anesthetic implications of osteopetrosis 
relate to difficult airway management, prevention of 
perioperative fractures, and management of electrolyte 
abnormalities.

K E Y FAC T S

• OI is caused by collagen mutations that result in 
extremely frail bones that are prone to fracture after 
minimal trauma. Depending on the type, patients may 
have associated abnormal dentition, platelet dysfunction, 
hyperthyroidism, increased metabolic rate, and cardiac 
valvular disease.

• Intraoperative fractures can occur during airway 
management (dental, mandibular, or cervical spine 
injury) and positioning or with the use of surgical 
tourniquets and noninvasive blood pressure cuffs.

• Succinylcholine is relatively contraindicated, as 
fasciculations may also cause fractures.

• Osteopetrosis is caused by deficient bone resorption, 
which results in hard, brittle bones that are prone 
to fracture. Bony overgrowth can complicate airway 
management, cause bone marrow failure due to 
medullary space obliteration, and lead to electrolyte 
abnormalities with associated cardiac conduction 
defects.
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14 .  A NS W E R : A

This child presents with at least four of the findings present 
in VACTERL syndrome, which includes vertebral, anal, 
cardiac, tracheal, esophageal, renal, and limb anoma-
lies. The cause of the syndrome is unknown and is likely 
due to a combination of genetic and environmental factors. 
Vertebral anomalies, such as hemivertebrae or hypoplas-
tic vertebrae, occur in 70% of patients and can cause spinal 
deformities. X-ray imaging of the spine should be per-
formed before considering neuraxial anesthesia in these 
patients. Limb anomalies occur in 65% of patients and can 
include forearm anomalies, such as radial aplasia, and poly- 
or syndactyly. These findings may affect both venous and 
arterial access in those extremities. Gastrointestinal find-
ings, including tracheo-esophageal fistula (TEF), esoph-
ageal atresia (EA), and anal atresia, occur in 70%–80% of 
patients. As in this scenario, TEF ligation may be the initial 
procedure for which these patients present to the operat-
ing room. Patients with TEF and EA are at high risk 
of aspiration of oral secretions as well as reflux of gas-
tric contents into the lungs. Baseline oxygen saturations 
and respiratory status should be assessed preoperatively. 
Approximately 50% of patients will have congenital 
heart disease. The most common findings in these 
patients are septal defects, patent ductus arteriosus, 
and Tetralogy of Fallot. Although the patient is currently 
hemodynamically stable with a normal oxygen saturation, 
induction of anesthesia and institution of positive pres-
sure ventilation can cause shunt reversal or cardiovas-
cular decompensation in the presence of undiagnosed 
congenital heart disease. Therefore, these patients should 
be screened with an echocardiogram prior to arrival in the 
operating room (Answer A). Genitourinary findings, such 
as renal agenesis or dysplasia, horseshoe kidneys, hydro-
nephrosis, or hypospadias, are present in 50% of patients. 
The liver and central nervous system are not usually affected 
in this syndrome, so there is no need to proceed with liver 
function and coagulation testing or head imaging in the 
absence of other indications (Answers B and C).

K E Y FAC T S

• The VACTERL syndrome includes vertebral, anal, 
cardiac, tracheal, esophageal, renal, and limb anomalies.

• Induction of anesthesia and institution of positive 
pressure ventilation can cause shunt reversal and 
cardiovascular decompensation in the presence of 
undiagnosed congenital heart disease.
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15 .  A NS W E R : C

Chromosome 22q11 microdeletions are the most common 
gene deletion after Trisomy 21 and the second most common 
genetic cause of congenital heart disease. Velocardiofacial 
syndrome and diGeorge syndrome are two disorders 
caused by 22q11 microdeletions. These deletions affect 
the 3rd and 4th pharyngeal pouches, which give rise 
to the thymus, parathyroid glands, and great vessels. 
The findings in these disorders can be summarized by the 
mnemonic CATCH-22, which refers to cardiac disor-
ders, abnormal facies, thymic hypoplasia, cleft palate, 
and hypocalcemia. The majority of patients with this gene 
deletion have cardiac abnormalities, which are most com-
monly conotruncal or outflow tract anomalies, such as 
double-outlet ventricles, transposition of the great arteries, 
truncus arteriosus, or, as in this case, an abnormal or inter-
rupted aortic arch. Facial abnormalities include micro- or 
retrognathia, a high-arched or cleft palate, midface hypo-
plasia, and a cupid-bow mouth (or fish mouth), all of which 
can impact airway management. Other airway anomalies 
in diGeorge syndrome include a short trachea, abnormal 
thyroid cartilage, and laryngo-, tracheo-, and broncho-
malacia. Eye and ear abnormalities may also be present. 
The thymus, adenoids, and tonsils are small or absent in 
these patients. Thymic hypoplasia causes immunodefi-
ciency, which manifests as recurrent infections starting in 
infancy. Strict asepsis is required during invasive procedures, 
and blood products should be irradiated and CMV negative 
to prevent graft-versus-host disease. Hypoparathyroidism 
leads to hypocalcemia, which can manifest as tetany and 
seizures starting in the neonatal period. Electrolytes and 
thyroid function should be evaluated prior to anesthesia.

Williams syndrome is a genetic syndrome caused by a 
deletion on chromosome 7. Patients with this disorder have 
abnormal facies (typically described as “elfin” facies with 
a flat nasal bridge, mandibular hypoplasia, dental anoma-
lies, and a tendency to keep the mouth open), a friendly 
personality, and mild mental retardation. These patients 
can have neonatal hypercalcemia, which predisposes 
to nephrocalcinosis and should be monitored carefully 
(Answer A). Cardiac disease, especially valvar or supra-
valvar aortic stenosis and coarctation of the aorta, is 
common in these patients. Supravalvar aortic stenosis may 
also affect the origin of the coronary arteries. These patients 
can have severe biventricular outflow tract and coronary 
obstruction leading to sudden death from myocardial 
ischemia, decreased cardiac output, and arrhythmias.

Trisomy 21, or Down syndrome, is the most com-
mon human chromosomal syndrome and occurs in 1:800 
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live births. Typical head and neck abnormalities in these 
patients include midface hypoplasia (causing small nasal 
passages), macroglossia, high-arched palate, hypertro-
phic lymphatic tissue (including tonsils and adenoids), 
eye and ear abnormalities, and antlantoaxial instability 
(Answer B). Patients also have a narrow hypopharynx and 
subglottic stenosis. These patients are prone to obstruc-
tive sleep apnea and may be difficult to mask ventilate 
due to upper airway obstruction. Care must be taken not 
to overextend the neck during laryngoscopy, as antlanto-
axial instability predisposes these patients to subluxation 
with extremes of neck position. Due to subglottic stenosis, a 
smaller endotracheal tube size than predicted by age may 
be necessary for intubation. Approximately 40%–50% of 
Down syndrome patients have congenital heart disease, 
commonly including endocardial cushion defects, pat-
ent ductus arteriosus, and Tetralogy of Fallot. These 
patients are prone to bradycardia during anesthetic 
inductions and should be monitored appropriately. Other 
systemic issues with Down syndrome include hand anoma-
lies, short stature, hypotonia, duodenal atresia, hypothy-
roidism, and an increased incidence of leukemia.

CHARGE association refers to a collection of anom-
alies that occur as a sporadic mutation. The mnemonic 
includes coloboma, heart defects, choanal atresia, 
retardation of growth and development, genitourinary 
anomalies, and ear anomalies. Diagnosis of this asso-
ciation requires four out of seven of these findings. Head 
and neck abnormalities that affect airway management in 
these patients include midface hypoplasia, micrognathia, 
cleft lip or palate, choanal atresia or stenosis, laryngo-
malacia, laryngeal cleft, subglottic stenosis, and cranial 
nerve palsies that may impair swallowing. Choanal atre-
sia is bilateral in 50% of patients and causes neonatal 
respiratory distress and cyanosis that resolves with cry-
ing or oral airway placement. The majority of patients 
have congenital cardiac disease, which usually involves 
conotruncal or aortic arch abnormalities. Genitourinary 
problems in these patients can include horseshoe or absent 
kidney, hydronephrosis, and genital hypoplasia (Answer D).

K E Y P OI N T S

• Velocardiofacial syndrome and diGeorge syndrome 
are chromosome 22q11 microdeletions, which result 
in abnormal development of the thymus, parathyroids, 
and great vessels. Findings in these syndromes are 
summarized in the mnemonic CATCH-22, which 
includes cardiac disorders, abnormal facies, thymic 
hypoplasia, cleft palate, and hypocalcemia.

• Patients with Williams syndrome have abnormal facies 
and a friendly personality and may have hypercalcemia. 
Cardiac disease, including valvar or supravalvar aortic 
stenosis and coarctation of the aorta, is common. 
Patients are at risk for severe biventricular outflow tract 

and coronary artery obstruction, leading to myocardial 
ischemia, decreased cardiac output, arrhythmias, and 
sudden death.

• Airway management in Trisomy 21 patients 
is complicated by upper airway obstruction, 
hypopharyngeal and subglottic stenosis, atlantoaxial 
instability, and hypotonia. Patients also commonly have 
congenital heart disease (especially endocardial cushion 
defects) and are prone to bradycardia during anesthesia 
induction.

• CHARGE association includes coloboma, heart defects, 
choanal atresia, retardation of growth and development, 
genitourinary anomalies, and ear anomalies. Choanal 
atresia is bilateral in 50% of patients and results in 
neonatal respiratory distress.

references

Bissonnette B, Luginbuehl I, Marciniak B, et  al. Syndromes:  Rapid 
Recognition and Perioperative Implications. New  York, 
NY: McGraw-Hill; 2006:155–6, 239–41, 801–3, 818–9, 836–7.

Timothy C Slesnick, Ralph Gertler, Wanda C. Miller-Hance. Essentials 
of Cardiology. In:  Cote CJ, Lerman J, Todres ID, eds. A Practice 
of Anesthesia for Infants and Children. 4th ed. Philadelphia, 
PA: Saunders Elsevier; 2009:303–5.

16 .  A NS W E R : A

Pierre-Robin sequence refers to a collection of findings 
including micrognathia, glossoptosis, and cleft palate. 
Patients with this syndrome have early mandibular hypo-
plasia causing posterior positioning of the tongue in utero. 
The position of the tongue prevents appropriate palate clo-
sure and results in cleft palate. The combination of micro-
gnathia and glossoptosis causes severe upper airway 
obstruction in neonates and infants, especially when 
supine. Obstruction during sleep or mask ventilation can 
be relieved by positioning the patient prone or insert-
ing a nasal airway. In some cases, the tongue is sutured to 
the lip to relieve obstruction from glossoptosis, or a trache-
ostomy may be necessary. As these children grow, their 
mandibular profile improves and airway obstruction 
decreases, typically making both mask ventilation and 
laryngoscopy easier (Answer A).

Goldenhar syndrome and Treacher Collins syn-
drome are both anomalies that involve disruption of the 
1st and 2nd branchial arches, leading to mandibular, 
maxillary, auricular, ophthalmologic, and facial nerve 
defects. Goldenhar syndrome refers to hemifacial 
microsomia. This disorder is usually sporadic, though 
familial transmission is possible. Patients with Goldenhar 
syndrome have unilateral face and neck abnormalities, 
including hypoplastic maxilla, mandible, tongue and pal-
ate, macrostomia with limited mouth opening, cleft palate, 
microphthalmia, microtia, hearing loss, vertebral dysplasia, 
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and cervical subluxation. The contralateral head and neck 
have a normal morphology.

Treacher Collins syndrome involves bilateral abnor-
malities and is usually transmitted in an autosomal domi-
nant fashion. These patients have bilateral hypoplastic 
zygomatic arches and mandible, choanal atresia, macrosto-
mia, cleft palate, eye abnormalities, microtia, and cervical 
vertebral malformations. Patients with both syndromes 
may have upper airway obstruction during mask ventila-
tion and are difficult to intubate via direct laryngoscopy. 
Treacher Collins patients are more difficult to intubate 
than Goldenhar patients due to their bilateral abnor-
malities, and their airway management tends to get 
more difficult with age.

CHARGE association refers to the collection of 
coloboma, heart defects, choanal atresia, retardation 
of growth and development, genitourinary anomalies, 
and ear anomalies. Head and neck abnormalities include 
midface hypoplasia, micrognathia, cleft lip or palate, cho-
anal atresia or stenosis, laryngomalacia, laryngeal cleft, and 
subglottic stenosis. Difficulties with mask ventilation 
and direct laryngoscopy also tend to worsen with age in 
these patients.

K E Y FAC T S

• Patients with Pierre-Robin sequence have micrognathia, 
glossoptosis, and cleft palate. This combination results 
in severe upper airway obstruction, especially while 
supine. The airway obstruction improves with age as the 
mandible grows.

• Goldenhar syndrome and Treacher Collins syndrome 
are caused by abnormalities of the 1st and 2nd branchial 
arches. The upper airway is affected by abnormalities in 
the maxilla, mandible, and cervical spine. Patients with 
Goldenhar syndrome have hemifacial microsomia, while 
those with Treacher Collins syndrome have bilateral 
abnormalities. The difficulty of airway management 
worsens with age in both syndromes.

references

Bissonnette B, Luginbuehl I, Marciniak B, et  al. Syndromes:  Rapid 
Recognition and Perioperative Implications. New  York, 
NY: McGraw-Hill; 2006:155–6, 337–9, 646–8, 790–1.

Timothy C Slesnick, Ralph Gertler, Wanda C. Miller-Hance. Essentials 
of Cardiology. In:  Cote CJ, Lerman J, Todres ID, eds. A Practice 
of Anesthesia for Infants and Children. 4th ed. Philadelphia, 
PA:  Saunders Elsevier; 2009:  305, Thomas Engelhardt, Mark 
W Crawford, Jerrold Lerman. Plastic and Reconstructive 
Surgery, 707–9.

17.  A NS W E R : D

Craniosynostosis refers to premature closure of at least 
one cranial suture. Ossification of the cranial vault usually 

begins at the eighth week of conception. Suture closure 
begins in utero and progresses after birth with final fonta-
nelle closure at 2  years of age. Premature suture closure 
causes growth failure perpendicular to the suture with 
compensatory overgrowth parallel to the suture. The 
final skull morphology is determined by the number and 
type of sutures involved. Sagittal synostosis results in an 
elongated head with increased anterior-posterior diameter. 
Unilateral coronal synostosis results in facial asymmetry, 
while bilateral coronal synostosis causes a flattened, wide 
face with a short anterior-posterior diameter.

In addition to abnormal skull morphology, patients 
may develop increased intracranial pressure (15% inci-
dence with single suture synostosis versus 35% incidence 
when two or more sutures are involved), hydrocephalus, 
and developmental delay. Surgical correction in infancy is 
indicated to allow normal skull growth and brain develop-
ment, relieve increased intracranial pressure, and achieve 
best cosmetic results. The majority of craniosynostoses 
are isolated findings, usually involving one suture with 
no other systemic findings. The sagittal suture is most 
commonly affected, followed by coronal, then metopic 
sutures. A  minority of craniosynostoses are syndromic. 
At least 150 associated syndromes have been described. 
Syndromic patients are more likely to have multiple 
sutures involved (most commonly, the coronal suture) and 
to have neurologic sequelae of synostosis.

Acrocephalosyndactyly syndromes are a collection of 
disorders that present with craniosynostosis along with 
hand and foot anomalies. These syndromes are often due 
to FGFR2 (fibroblast growth factor receptor) mutations, 
which cause abnormal osseous development. Many cases 
are sporadic, though some are transmitted in an autosomal 
dominant manner. Common subtypes of acrocephalosyn-
dactyly syndromes include Apert syndrome (type  I), 
Crouzon syndrome (type II), and Pfeiffer syndrome 
(type V). These patients are likely to present with dys-
morphic facies. Findings can include midface hypoplasia 
(including choanal stenosis or atresia, sinus abnormalities, 
and maxillary retrusion), relative mandibular prognathism, 
palate abnormalities, dental crowding, and orbital anoma-
lies (hypertelorism and shallow orbits causing proptosis). 
Airway management may be difficult due to poor face 
mask fit, nasal and upper airway obstruction and diffi-
cult laryngoscopy. Proptosis predisposes these patients 
to intraoperative ocular injury. As previously mentioned, 
these patients are likely to have neurologic sequelae of their 
craniosynostosis requiring operative repair. In addition, 
chronic cerebellar tonsil herniation and Arnold-Chiari 
malformation may be present in Crouzon and Pfeiffer 
patients, respectively. Musculoskeletal anomalies com-
monly include syndactyly, brachydactyly, or polydactyly 
of the hands and feet. Patients with these findings typically 
have difficult vascular access. These abnormalities are typ-
ically absent in Crouzon syndrome. Patients may also have 
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partial cervical spine fusion, which affects airway man-
agement and intraoperative positioning. Kyphoscoliosis is 
not a typical finding in these syndromes. In addition to the 
upper airway anomalies already described, these patients 
may have lower respiratory tract anomalies, including 
tracheal stenosis, abnormal tracheal cartilage, airway mala-
cia at multiple levels, and tracheo-esophageal fistula. Up to 
one third of these patients experience intraoperative respi-
ratory problems related to these findings. A variety of con-
genital cardiac and renal anomalies may also be present. 
Hepatomegaly is not associated with these syndromes.

K E Y FAC T S

• Craniosynostosis refers to premature closure of at 
least one cranial suture. This results in growth failure 
perpendicular to the suture with overgrowth parallel to 
the suture.

• The majority of craniosynostoses are isolated findings 
and involve only one suture. Syndromic craniosynostoses 
are more likely to involve multiple sutures and have 
neurologic sequelae, including increased intracranial 
pressure, hydrocephalus, and developmental delay.

• Acrocephalosyndactyly syndromes present with 
craniosynostosis and hand and foot anomalies. Patients 
commonly have dysmorphic facies and may have cervical 
spine anomalies, both of which result in difficult airway 
management. Limb anomalies make vascular access 
difficult.
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18 .  A NS W E R : D

This patient’s physical exam findings are consistent with 
Turner syndrome. Turner syndrome is an X-linked dis-
order resulting from the absence of one functional X 
chromosome. Patients can have either complete absence 
of one X chromosome (45, XO) or a mosaic karyotype (45, 
XO/46, XX). Complete chromosome X monosomy is asso-
ciated with a high rate of spontaneous abortion in utero, 
while those with mosaic karyotypes may have milder symp-
toms. Typical physical features of Turner syndrome patients 
include short stature (or small size for gestational age); a 
short, broad, and webbed neck with a low posterior hair 

line; broad chest with widely spaced nipples; and scoliosis. 
Facial abnormalities may also include micrognathia, 
midface hypoplasia, high arched palate, and occasional 
cleft palate. These findings, along with a short neck and 
cervical spine vertebral hypoplasia, may make airway 
management difficult.

Turner patients may have congenital cardiac disease, 
most commonly left-sided obstructive lesions, includ-
ing coarctation of the aorta and bicuspid aortic valve. 
The murmur in this scenario is consistent with coarctation 
of the aorta. These patients also commonly develop hyper-
tension, which, in combination with aortic abnormali-
ties, predisposes them to dissecting aortic aneurysms 
for which they should be periodically monitored. Other 
common problems include renal and genitourinary 
anomalies (renal hypoplasia, horseshoe kidneys, amenor-
rhea, gonadal dysgenesis, or premature ovarian failure), 
endocrine abnormalities (hypothyroidism, diabetes), 
obesity, and lymphedema. Intelligence is usually normal, 
though mental retardation can be present.

Noonan syndrome is a genetic disorder caused by 
abnormalities on chromosome 12 and is transmitted in 
an autosomal dominant manner. Patients with this syn-
drome appear phenotypically similar to Turner patients 
(short stature; short, webbed neck; low posterior hair line; 
micrognathia; midface hypoplasia; and scoliosis),but have 
a normal karyotype and may be male or female. Cardiac 
disease, most commonly including pulmonary stenosis 
and hypertrophic cardiomyopathy, is common. Other 
features include developmental delay, lymphedema, and 
coagulopathy.

Endocardial cushion defects are common in Down 
syndrome (Trisomy 21)  patients (Answer A). Typical 
head and neck findings in Down syndrome patients include 
midface hypoplasia, macroglossia, tonsil and adenoid 
enlargement, and atlantoaxial instability.

Patent ductus arteriosus (PDA) is present as a normal 
finding at birth, but it generally closes over the first few days. 
Delayed closure of the ductus arteriosus may lead to heart 
failure and poor systemic perfusion or may be required to 
provide adequate circulation in some kinds of congeni-
tal heart disease. A PDA is associated with a continuous 
machine-like murmur.

K E Y FAC T S

• Turner syndrome is caused by the absence of one 
functional X chromosome. Patients have a short 
stature and a short, webbed neck. Facial anomalies in 
combination with the short neck can result in difficult 
airway management.

• Cardiovascular anomalies in Turner syndrome are 
most commonly left-sided obstructive lesions, including 
coarctation of the aorta. Patients commonly develop 
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hypertension, which places them at risk for dissecting 
aortic aneurysms.

• Patients with Noonan syndrome are phenotypically 
similar to Turner syndrome patients but have a normal 
karyotype. Common cardiac lesions include pulmonary 
stenosis and hypertrophic cardiomyopathy.
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19.  A NS W E R : B

Epidermolysis bullosa (EB) is a genetic disorder character-
ized by blistering and scarring after minor trauma. More 
than 20 subtypes exist, but they can be classified into three 
general groups. Epidermolysis bullosa simplex (EBS) 
is the mildest and most common form of the disease. 
Keratin mutations result in separation within the epi-
dermis. Patients have a wide clinical range of severity, but 
most tend to live relatively normal lives with blisters that 
heal with minimal or no scarring. Less commonly, frequent 
oral and laryngeal blisters can result in feeding problems, or 
this disease can be associated with muscular dystrophy or 
pyloric stenosis. Junctional epidermolysis bullosa (JEB) 
is the most severe form of EB. Defects within the base-
ment membrane result in separation of the epidermis 
from the dermis. Patients with JEB have severe mucous 
membrane involvement. Damage to the oropharyngeal 
and respiratory mucosa results in feeding difficulties and 
airway obstruction. In the most severe form of this disease, 
death from airway obstruction or sepsis occurs within the 
first year of life. Dystrophic epidermolysis bullosa (DEB) 
has an intermediate presentation and is the type most 
commonly seen by anesthesiologists. Collagen muta-
tions result in separation within the dermis just under 
the basement membrane. Patients with DEB have blisters 
that heal with chronic scarring. Extremity blisters result in 
finger and toe fusion (mitten deformity), contractures 
(especially involving the flexor surfaces of the neck, 
limbs, and digits), and extremity mutilation. Scarring on 
the face results in microstomia with severely restricted 
mouth opening, narrowed nasal apertures, and eyelid 
retractions. Esophageal involvement results in esophageal 
strictures that lead to poor feeding and nutrition. Chronic 
blister formation is complicated by infection and anemia 
and easy bleeding of the gums results in poor dentition.

The anesthetic management of patients with EB should 
be tailored to minimizing new blister formation as well as 

managing the chronic effects of the disease, including con-
tractures, anemia, malnutrition, infectious risk, and chronic 
steroid use. Blisters are more likely to be caused by fric-
tion or shear forces on the skin, rather than by direct 
pressure. Noninvasive blood pressure cuffs cause direct 
pressure and are usually well tolerated if they are placed over 
layers of padding. Adhesive substances are likely to cause 
blister formation. The EKG can be monitored with nee-
dle electrodes or by removing the adhesive rim from stan-
dard EKG leads and keeping them in place with bandages. 
Clip-on pulse oximeter probes should be used instead of 
adhesive monitors. In patients with severe mitten defor-
mity, an alternative site such as an ear may be necessary. 
Intravenous and intra-arterial catheters should be sutured 
in place and endotracheal tube ties should be used instead 
of adhesive tape. Nonadhesive, silicone-based dressings 
can be used to cover active blisters and help secure lines and 
monitors. Temperature probes should be axillary to avoid 
damage to mucosal surfaces. The eyes should be well lubri-
cated but not taped shut. Patients with eyelid retractions are 
more prone to corneal abrasions.

Airway management is likely to be difficult in these 
patients due to contractures as well as the risk for new 
damage to the oropharyngeal and respiratory mucosa. 
Decreased mouth opening, tongue scarring, decreased 
neck mobility, and poor dentition may be present. The face 
mask, laryngoscope blade, and endotracheal tube should be 
lubricated prior to contact with the patient and minimal 
pressure should be applied. Fiberoptic intubation may be 
necessary if mouth opening is severely restricted. The nasal 
apertures may be small due to scarring; however, nasal intu-
bation can be considered because the nasal respiratory tis-
sue is not generally affected by EB and may be less prone 
to damage than the oropharynx. Rigid oral airways and 
blind oropharyngeal suctioning should be avoided. 
Consideration should be given to deep extubation to 
minimize coughing during emergence, which can lead to 
trauma and bullae formation in the airway. Regional anes-
thesia is not contraindicated if the overlying skin is intact, 
but strict asepsis should be used.

K E Y FAC T S

• Epidermolysis bullosa is characterized by blistering and 
scarring after minor trauma. Dystrophic epidermolysis 
bullosa (DEB) has an intermediate severity and is 
the type most commonly seen by anesthesiologists. 
Chronic scarring can result in extremity deformities, 
contractures, microstomia and narrowed nasal passages, 
esophageal strictures, infection, and anemia.

• Intraoperative blister formation is more likely to be 
caused by friction or shear forces than by direct pressure. 
Monitors or surfaces in contact with the patient should 
be well padded. Adhesive dressings and monitors should 
be avoided.
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• Airway management is likely to be difficult due 
to contractures and the risk for new damage to 
oropharyngeal and respiratory mucosa. Fiberoptic 
intubation may be necessary. Consideration should be 
given to nasal intubation and deep extubation.
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2 0 .  A NS W E R : C

This patient’s history and physical examination are consis-
tent with a diagnosis of Marfan syndrome. Marfan syn-
drome is multisystem disorder caused by a mutation in the 
fibrillin-1 (FBN1) gene. This mutation results in collagen 
with decreased tensile strength and increased elasticity. This 
abnormal collagen leads to disproportionate long bone 
growth, arterial cystic medial necrosis, emphysema, 
and ocular abnormalities, including retinal detachment. 
Marfan syndrome is inherited as an autosomal domi-
nant mutation with variable expressivity, although 15% of 
patients have spontaneous mutations.

Patients with Marfan syndrome are tall with long fin-
gers and toes (arachnodactyly). They have hyperextensible 
joints, kyphoscoliosis, and pectus deformities and are 
at risk for atlantoaxial subluxation with extremes of neck 
flexion or extension due to abnormal atlantoaxial facet 
shape and ligament laxity. Cardiovascular complications 
of Marfan syndrome are rare in children but increase 
with age and lead to premature death in the third to fifth 
decade. Arterial cystic medial necrosis leads to aortic root 
and main pulmonary artery dilation or aneurysm for-
mation, placing the patient at risk for aortic dissection. 
Aortic and mitral valvular insufficiency are also com-
mon. Arrhythmias may be due to valvular disease, dilated 
cardiomyopathy, or congestive heart failure. This patient 
has a murmur consistent with aortic insufficiency and 
should also be screened for aortic root dilation given his 
age. Patients with confirmed valvular disease may require 
endocarditis prophylaxis prior to surgery.

Marfan patients can develop restrictive lung disease 
due to kyphoscoliosis and pectus deformities. They also 
may develop emphysema and are at risk for spontaneous 
pneumothoraces, which can progress to tension pneu-
mothorax during controlled mechanical ventilation. This 

patient has only mild scoliosis and good exercise capacity 
without respiratory symptoms. Pulmonary function tests 
are unlikely to be helpful at this time. Abnormal coagula-
tion and renal function are not a part of Marfan syndrome. 
A  neonatal form of Marfan syndrome presents with flex-
ion contractures, micrognathia, and muscle hypoplasia and 
usually results in death before 2 years of age due to severe 
valve regurgitation and aortic dilation.

Ehlers-Danlos syndrome (EDS) refers to a group of 
inherited connective tissue disorders with a similar pre-
sentation to Marfan syndrome. Multiple forms of EDS 
exist and they are classified into six subgroups. Each type 
of EDS has a different genetic cause, but the end result for 
all disorders is abnormal collagen with reduced strength. 
Most disorders are autosomal dominant, though some are 
autosomal recessive or X-linked. The clinical presentation 
varies by type but typically involves skin, musculoskel-
etal, cardiovascular, and ocular anomalies. Patients with 
EDS have hyperextensible and hyperelastic skin that is 
thin and vulnerable to damage with minor trauma. Patients 
tend to bruise easily and may have impaired wound healing. 
Similar to Marfan syndrome, these patients have hyperex-
tensible joints that are prone to recurrent subluxation 
with the development of kyphoscoliosis and chronic 
pain. Some subtypes have a Marfanoid habitus (tall stat-
ure with long digits), but others are of normal height. 
Cardiovascular issues include valvular regurgitation and 
multiple aneurysm formation with risk for rupture and 
dissection. In contrast to Marfan syndrome, aortic involve-
ment is rare, though it can still occur and cause sudden 
death. The vascular subtype of EDS is the most severe 
form with arterial rupture occurring in 25% of patients 
by 20 years of age and increasing incidence with age. Due to 
vascular fragility, these lesions are difficult or impossible to 
repair. Ocular abnormalities include lens subluxation, globe 
rupture, and blindness from recurrent retinal hemorrhages. 
Excessive bleeding is a feature of the classic and vascu-
lar subtypes of EDS, though patients usually have normal 
coagulation tests with increased bleeding time. Anesthetic 
management, including cardiac and pulmonary evaluation, 
possible need for endocarditis prophylaxis, and risk for 
atlantoaxial subluxation is similar to Marfan syndrome.

K E Y FAC T S

• Marfan syndrome is caused by collagen abnormalities 
that lead to disproportionate long bone growth, 
arterial cystic medial necrosis, emphysema, and ocular 
anomalies. Cardiovascular complications include aortic 
root and main pulmonary artery aneurysm formation or 
dissection and valvular insufficiency.

• Patients with Ehlers-Danlos also have abnormal 
collagen and may have a similar presentation to Marfan 
syndrome patients. In addition, patients may have 
hyperelastic skin and excessive bleeding. Patients with 
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the vascular subtype of EDS may also have arterial 
rupture.

• Patients with both syndromes have hyperextensible 
joints that are prone to recurrent subluxation, 
kyphoscoliosis, and pectus deformities. These patients 
are at risk for atlantoaxial subluxation during airway 
management.
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21.  A NS W E R : B

This neonate has findings consistent with Beckwith-  
Wiedemann syndrome. This syndrome is characterized 
by macrosomia, visceromegaly, macroglossia, and an 
omphalocele. It is caused by an increase in insulin-like 
growth factor 2 (IGF-2) gene expression, which results 
in somatic overgrowth and predisposition to tumors. 
The syndrome is mostly sporadic, but it can be autoso-
mal dominant with incomplete penetrance and variable 
expressivity. Patients with Beckwith-Wiedemann syn-
drome have visceromegaly, affecting the kidneys, spleen, 
liver, and adrenal glands. Abdominal visceromegaly is 
associated with omphalocele, umbilical defects, intesti-
nal malrotation, and diaphragm eventration. Pancreatic 
islet cell hyperplasia causes relative hyperinsulinemia 
with resulting hypoglycemia. Hypoglycemia can be 
especially severe in the neonatal period and usually 
resolves in infancy. Prolonged hypoglycemia can result 
in CNS damage with subsequent developmental delay. In 
the absence of this complication, the brain is not affected 
by this disorder, and no structural abnormalities would 
be found on imaging. Perioperatively, patients should be 
managed with dextrose infusions and frequent serum 
glucose checks.

Facial features include macroglossia, midface hypo-
plasia, exophthalmos, and ear anomalies. Macroglossia is 
associated with significant upper airway obstruction 
and in combination with midface hypoplasia may make 
both mask ventilation and direct laryngoscopy difficult. 
The tongue usually becomes better accommodated inside 
the oral cavity as the patient grows, but partial glossectomy 
may be required in the face of significant airway obstruc-
tion. Somatic overgrowth can result in gigantism, and 

hemihypertrophy may occur. Beckwith-Wiedemann 
patients are predisposed to the development of both benign 
and malignant tumors, including renal (Wilms tumor), 
liver and adrenal tumors, neuroblastoma, and rhabdomyo-
sarcoma. Patients with hemihypertrophy are more likely 
to have malignant tumors. Genitourinary anomalies may 
be present. Congenital cardiac disease can occur, but it is 
rare. Infant mortality is 20% and is related to cardiac or 
respiratory failure. In the absence of a renal tumor, this 
disorder is not associated with abnormal renal function, 
and there are no associated vertebral anomalies that would 
be seen on a spine plain film.

WAGR syndrome, which stands for Wilms tumor, 
aniridia, genitourinary anomalies, and retardation, 
is caused by Wilms tumor suppressor gene (WT1) gene 
mutation. It is mostly sporadic but can be transmitted as 
an autosomal dominant mutation. Some features, such as 
somatic hemihypertrophy and Wilms tumor, are simi-
lar to Beckwith-Wiedemann syndrome. However, there 
are many differences. In addition to Wilms tumor, renal 
anomalies may include renal dysplasia or hypoplasia 
with resultant abnormal renal function tests. Genital 
anomalies can include hypospadias, cryptorchidism and 
gonadal dysgenesis. Facial abnormalities, including 
microcephaly, premature synostosis, micrognathia, and a 
high, narrow palate may make airway management difficult 
in these patients, but macroglossia is not a feature of this 
disease. Musculoskeletal abnormalities, including mul-
tiple exostoses and kyphoscoliosis are common and may 
be detected on plain films of the spine. Ventricular septal 
defects can occur in this syndrome.

K E Y FAC T S

• Beckwith-Wiedemann syndrome is caused by 
overexpression of IGF-2, which results in macrosomia, 
abdominal visceromegaly, macroglossia, and 
predisposition to tumor growth. Pancreatic islet cell 
hyperplasia causes relative hyperinsulinemia with 
resulting hypoglycemia. Macroglossia causes significant 
upper airway obstruction.

• WAGR syndrome includes Wilms tumor, aniridia, 
genitourinary anomalies, and retardation. Although 
some findings are similar to Beckwith-Wiedemann 
syndrome (hemihypertrophy, Wilms tumor), these 
patients also have renal, facial, and musculoskeletal 
anomalies not seen in Beckwith-Wiedemann syndrome. 
Hypoglycemia and macroglossia are also absent.
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2 2 .  A NS W E R : B

The immune system is comprised of three basic types of 
immunity. Natural immunity refers to the action of 
phagocytic and NK (natural killer) cells. These cells pro-
vide a nonspecific response to foreign material that 
does not require prior antigen exposure. B cells provide 
humoral immunity by releasing immunoglobulins in 
response to a previously recognized antigen. T cells pro-
vide cell-mediated immunity and can be cytotoxic cells, 
helper cells (enhance the activity of other lymphocytes), or 
suppressor cells (inhibit other parts of the immune system). 
There are over 70 primary immunodeficiencies that may 
affect some or all of these responses.

Selective IgA deficiency, common variable immune 
deficiency (CVID), and X-linked agammaglobulin-
emia (XLA) all involve defects in humoral immunity. 
Selective IgA deficiency is the most common and results 
in relatively mild recurrent respiratory, gastrointestinal, 
and genitourinary infections or may be asymptomatic. 
Patients with this deficiency produce anti-IgA immuno-
globulins. When they receive blood products, a complex 
forms between donor IgA molecules and the patient’s 
own anti-IgA IgE molecules and causes an anaphylac-
tic reaction. CVID can be inherited as an autosomal or 
X-linked manner, while XLA is obviously an X-linked 
disease. Both diseases result in recurrent pyogenic sino-
pulmonary or gastrointestinal infections after passive 
immunity from the mother subsides. These disorders 
may require regular IVIG administration for prevention of 
infections.

Cell-mediated defects tend to have a more severe pre-
sentation than humoral defects. Infections may be caused 
by bacterial, fungal, or viral pathogens. Intracellular and 
opportunistic pathogens are common and may cause severe 
disease. DiGeorge syndrome and velocardiofacial syn-
drome are both caused by chromosome 22q11 microdele-
tions that lead to abnormal development of the 3rd and 4th 
pharyngeal pouches. This results in hypoplastic or absent 
thymus and parathyroid glands as well as congenital 
heart disease with associated great vessel defects and 
mandibular hypoplasia. Hypoparathyroidism manifests 
as neonatal hypocalcemia and seizures, and mandibular 
hypoplasia makes airway management difficult.

Severe common variable immunodeficiency syn-
drome (SCIDS), Wiskott-Aldrich syndrome, and 
ataxia-telangiectasia are examples of disorders with 
combined humoral and cell-mediated immunode-
ficiencies. These disorders have generally been fatal in 
early childhood. SCIDS can be inherited as an auto-
somal recessive or X-linked disease. It presents around 

3  months of age with persistent candidiasis (commonly, 
thrush or diaper rash), recurrent pneumonia, gastroin-
testinal illnesses with chronic diarrhea, and failure to 
thrive. This patient has a presentation consistent with 
Wiskott-Aldrich syndrome. This is an X-linked muta-
tion affecting males. The classic triad includes throm-
bocytopenia with small platelets, recurrent infections 
(including orotracheal, sinopulmonary, meningitis, 
and gastrointestinal disease), and eczema. In addi-
tion, patients may present with hemorrhage, including 
epistaxis, oral or gastrointestinal bleeding, and petechiae 
on exam. They also commonly have autoimmune disor-
ders, including vasculitis (which may affect coronary and 
cerebral vessels), hemolytic anemia, and idiopathic throm-
bocytopenic purpura as well as an increased malignancy 
risk. Splenectomy may be required for severe thrombocy-
topenia. Ataxia-telangiectasia is an autosomal recessive 
disorder caused by defective DNA repair. Patients present 
with recurrent infections, skin and ocular telangiec-
tasias, neurologic findings (including cerebellar ataxia, 
movement disorders with progressive weakness, and mem-
ory loss), and endocrine abnormalities (including hypo-
gonadism and glucose intolerance).

Patients with defects in cell-mediated immunity can 
develop graft-versus-host disease (GVHD) after blood 
product transfusions. GVHD is an immune response 
caused by donor lymphocytes against the patient’s own 
lymphoid tissue and can manifest with damage to the skin, 
gastrointestinal tract, and liver. In healthy patients, donor 
lymphocytes would be removed by the patient’s T cells. 
However, this does not occur in patients with T cell immu-
nodeficiencies. These patients require irradiated blood 
products to prevent this complication. Blood should also 
be CMV negative to prevent infection.

The anesthetic management of patients with primary 
immunodeficiencies must take into account the effect of 
current infections as well as the prevention of new infec-
tions. Chronic diarrhea may result in volume depletion 
and electrolyte abnormalities that need to be addressed. 
Recurrent pulmonary infections can cause bronchiectasis. 
Chest physiotherapy may be required preoperatively and 
patients may have decreased pulmonary reserve intra- and 
postoperatively. Prophylactic antibiotic administration 
should be tailored to the patient’s previously known patho-
gens. Strict asepsis is required for invasive procedures, 
including vascular access and airway management. 
Regional anesthetics, including neuraxial blocks, are 
relatively contraindicated due to infectious risk. Nitrous 
oxide is also relatively contraindicated due to bone mar-
row suppression. In the case of Wiskott-Aldrich syndrome, 
baseline platelets and hematocrit should be checked.

Acute hemolytic reactions are caused by destruction 
of donor red blood cells by preformed recipient antibodies 
and most often occur due to incorrect cross-matching. 
Symptoms include fever, chills, chest and back pain, and 
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hemolysis. Potassium levels are elevated in packed red blood 
cells due to leakage from stored cells. Clinically relevant 
hyperkalemia can occur after massive or rapid red blood 
cell transfusion. Neither reaction would be more likely 
based on the patient’s underlying medical condition, and 
this patient is receiving platelets, not red blood cells.

K E Y FAC T S

• Natural immunity refers to nonspecific immune 
responses to foreign material. Humoral immunity 
is mediated by B cells in response to a previously 
recognized antigen. Cell-mediated immunity is 
mediated by T cells, which may be cytotoxic, helper, or 
suppressor cells.

• Patients with defects in humoral and cell-mediated 
immunity present with recurrent infections. Patients 
with cell-mediated defects tend to have more severe 
infections than those with humoral defects. In addition, 
patients with cell-mediated defects are also at risk for 
developing graft-versus-host disease (GVHD) after 
exposure to nonirradiated blood products.

• Selective IgA deficiency is the most common defect in 
humoral immunity. These patients have relatively minor 
recurrent infections. They are at risk for anaphylaxis 
after blood product transfusion due to complex 
formation between donor IgA molecules and their own 
anti-IgA IgE molecules.

• DiGeorge and velocardiofacial syndromes present with 
cell-mediated immune defects due to thymic hypoplasia. 
These patients also have parathyroid and mandibular 
hypoplasia and great vessel defects.

• Wiskott-Aldrich syndrome is a combined cell-mediated 
and humoral immune defect. This disorder is X-linked 
and presents with a classic triad of thrombocytopenia, 
recurrent infections, and eczema. Patients may also 
develop signs of hemorrhage and autoimmune disorders.
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23 .  A NS W E R : C

Phakomatoses are a group of multisystem disor-
ders that present with CNS, ocular, and skin lesions. 
Neurofibromatosis, tuberous sclerosis, von Hippel Lindau 

syndrome, and Sturge-Weber syndrome are all examples 
of these disorders. Neurofibromatosis is divided into two 
types (NF-1 or von Recklinghausen disease and NF-2) 
and is inherited in an autosomal dominant manner. The 
abnormal proteins for NF-1 and NF-2 are neurofibromin 
and schwannomin, respectively, both of which are tumor 
suppressor genes. Neurofibromas are nerve sheath 
tumors that may be cutaneous, subcutaneous, or nod-
ular plexiform (involving nerve roots or plexuses). The 
tumors are benign, but growth with age causes signifi-
cant functional or anatomic complications due to com-
pression or invasion. Common presentations include 
pain, disfiguration, and bleeding due to their vascularity. 
Neurofibromas can occur in the oropharynx, resulting 
in airway obstruction. Patients with NF-1 present with 
caf é-au-lait spots, neurofibromas, skin-fold freckling, lisch 
nodules (benign iris hamartomas), optic pathway tumors, 
or bony lesions. Patients with NF-2 have fewer peripheral 
and cutaneous manifestations than NF-1 but instead have 
vestibular schwannomas and a higher incidence of intracra-
nial or paraspinal tumors. Neurologic manifestations can 
include seizures and signs of spinal cord compression 
depending on tumor location. Patients may also have sig-
nificant cardiovascular complications, including arte-
rial vasculopathy presenting as renal artery stenosis and 
systemic hypertension or pheochromocytoma (present 
in 5% of these patients). Pheochromocytoma should be 
ruled out if there is any question of hemodynamic insta-
bility, and it is the likely cause of problems in this patient. 
Musculoskeletal complications include long bone bowing, 
thoracic scoliosis, cervical vertebral anomalies, and patho-
logic fractures. Patients are at increased risk for a number 
of other malignancies as well. Anesthetic management 
of these patients should include a detailed airway exami-
nation, hemodynamic and respiratory assessment, and 
documentation of neurologic symptoms and involvement. 
Airway management can be complicated by oropharyn-
geal tumors as well as restricted neck motion related to 
cervical vertebral abnormalities and spinal cord com-
pression. Restrictive lung disease may be present if sco-
liosis is severe. Due to the possible presence of spinal cord 
lesions, neuraxial blockade should be performed only if 
recent imaging demonstrating an absence of spinal cord 
pathology is available.

Tuberous sclerosis is characterized by the triad of 
seizures, mental retardation, and fibroangiomas. It 
is caused by an autosomal dominant mutation of tumor 
suppressor genes, though many cases are spontaneous. 
It presents shortly after birth and progresses with age, 
resulting in a 50% mortality by 20–25  years of age. 
Tuber lesion formation in the brain leads to seizures (often 
intractable), obstructive hydrocephalus, and mental 
retardation. These lesions may undergo malignant trans-
formation or calcify. Lesions may also be present in the 
heart, kidney, eyes, lungs, and skin. Cardiac tumors 
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may involve the cardiac conduction system, resulting in 
ectopic beats, heart block, or pre-excitation. Intracardiac 
rhabdomyomas are present in 50% of neonates, but 
they may regress with age. These patients have decreased 
cardiac output due to obstruction to intracardiac flow. 
Abdominal aortic aneurysms can also be seen in infants. 
Renal lesions can cause polycystic kidney disease and pul-
monary lesions cause fibrous changes leading to pneu-
mothoraces. Skin involvement may present as adenomas, 
angiofibromas, areas of hypopigmentation, or caf é-au-lait 
spots. Airway management in these patients may be dif-
ficult if oral or laryngeal nodular tumors, fibromas, or 
papillomas are present. Anesthetic management should 
also include an assessment of baseline seizure activity, car-
diac, pulmonary, and renal function.

Von Hippel Lindau syndrome is characterized by 
multiple clear cell neoplasms and is also related to a muta-
tion in a putative tumor suppressor gene. CNS mani-
festations, including hemangioblastomas of the retina, 
cerebellum, and spinal cord, are key findings of this disease. 
Spinal cord lesions are prone to bleeding during hyper-
tensive episodes, while cerebellar lesions more commonly 
present with increased intracranial pressure (though sub-
arachnoid hemorrhage can occur). Other common tumors 
include renal cell carcinoma, pheochromocytoma, and 
pancreatic endocrine tumors. Hemangiomas may also 
be present on the adrenals, lung, and liver. Visceral tumors 
may be present on the kidneys, pancreas, and epididymis. 
As with neurofibromatosis, pheochromocytoma should 
be ruled out prior to anesthesia, and spinal cord involve-
ment may complicate both airway management and the 
potential use of neuraxial blockade, which is relatively 
contraindicated in the presence of lesions.

Sturge-Weber syndrome is nearly always a sporadic 
mutation that results in ipsilateral vascular anomalies. 
Patients present with vascular facial tumors that are 
present at birth corresponding to the ophthalmic divi-
sion of the trigeminal nerve. Typical lesions include facial 
hemangiomas (capillary or cavernous) and nevus flammeus 
(port-wine stains). These lesions can involve hypertrophy 
of the nasopharynx and also result in hypertrophy of 
adjacent bones and soft tissues. CNS angiomas of the 
meninges and choroid as well as intracranial calcifications 
can cause anoxic injury, resulting in seizures, mental 
retardation, and contralateral hemiparesis or hemi-
anopia. Intraoral angiomatosis can involve the buccal 
mucosa, lips, tongue, palate, larynx, and pharynx, result-
ing in distorted airway anatomy and bleeding. Visceral 
angiomatosis can be present in all organs. The presence 
of multiple vascular anomalies causes high-output 
cardiac failure due to shunting. Airway management in 
these patients may be difficult due to distorted anatomy and 
bleeding, and nasal intubation should be avoided due to 
the possible presence of vascular anomalies in the naso-
pharynx. Baseline cardiac function should be established 

prior to anesthesia and blood pressure should be tightly 
regulated, as these vessels have abnormal autoregula-
tion. Neuraxial blockade should be avoided due to the 
risk of meningeal hemangiomas and hematocrit and coagu-
lation studies should be assessed due to the associated risk 
of thrombosis or bleeding with these lesions.

K E Y FAC T S

• Phakomatoses are multisystem disorders that present 
with CNS, ocular, and skin lesions. Abnormal lesions 
can involve the airway and spinal cord in most of these 
disorders. Airway management may be difficult in 
these situations and neuraxial blockade is relatively 
contraindicated in the presence of lesions.

• Neurofibromatosis is characterized by the development 
of multiple nerve sheath tumors, which cause central 
and peripheral neurologic symptoms due to local 
compression or invasion. Tumors may also occur in 
the oropharynx and lead to airway obstruction. Other 
signs include skin lesions, renal artery stenosis, systemic 
hypertension, and pheochromocytoma.

• Tuberous sclerosis is characterized by a classic triad 
of seizures, mental retardation, and fibroangiomas 
involving multiple organs and the airway. Intracardiac 
rhabdomyomas, which cause decreased cardiac output by 
obstructing flow, may occur. These are present in 50% of 
neonates but may regress with age.

• Von Hippel Lindau syndrome involves clear cell 
neoplasms of multiple organs. Patients may also develop 
spinal cord lesions, which are prone to bleeding.

• Sturge-Weber syndrome results in ipsilateral vascular 
anomalies. Patients present with ipsilateral vascular 
facial tumors in the distribution of the ophthalmic 
division of the trigeminal nerve as well as central 
nervous system angiomas and visceral angiomatosis. 
Blood pressure should be tightly controlled as these 
blood vessels have abnormal autoregulation.
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2 4 .  A NS W E R : C

Spinal muscular atrophy (SMA) is an autosomal reces-
sive disorder caused by mutations in the survival motor 
neuron (SMN) gene. Patients have progressive degen-
eration of motor neurons in the anterior horns of the 
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spinal cord and sometimes the brainstem. This leads to 
lower motor neuron signs, including symmetric wasting 
and weakness, flaccid paralysis, and loss of deep tendon 
reflexes. At least three types of SMA have been described. 
SMA I, or Werdnig-Hoffmann syndrome, presents in 
infancy and is the most severe form. Patients are typically 
alert and interactive with good facial expressions and eye 
movements but are otherwise weak and hypotonic with 
abnormal (diaphragmatic) breathing patterns, tongue 
fasciculations, absent deep tendon reflexes, and feeding 
difficulties. These patients never sit or walk independently 
and most do not survive their first year due to respira-
tory complications. SMA II is the most prevalent form 
and has an intermediate severity. Onset of symptoms 
is usually before 18 months of age, and patients may sur-
vive into adolescence or early adulthood. Patients have 
milder weakness and less common tongue fasciculations 
than type I patients. They sit independently, but never bear 
weight or walk. SMA II patients commonly develop joint 
contractures and scoliosis, which often requires opera-
tive stabilization after puberty. Progressive weakness 
and scoliosis lead to feeding difficulties and respiratory 
issues, including restrictive lung disease, recurrent 
infection, and the need for nocturnal support. SMA 
III (Kugelberg-Welander disease) is a mild variant with 
onset after 18 months of age. Patients develop flaccid and 
areflexic extremity weakness, but they are able to walk inde-
pendently. They may develop joint contractures and need 
respiratory support, but the long-term prognosis is good. 
Other areas of the nervous system, including the brain 
and sensory pathways, are unaffected. Intelligence and 
sensory function are normal in SMA patients and seizures 
are not an expected part of the clinical presentation. In 
contrast to many other neuromuscular disorders, includ-
ing muscular dystrophy and mitochondrial or metabolic 
myopathies, cardiac muscle is not directly affected by 
this disorder. Cardiomyopathy would not be expected in 
this patient (Answer B). SMA III patients, however, may 
develop arrhythmias requiring pacemaker placement.

Preanesthetic evaluation of these patients should 
involve evaluation of motor and respiratory function and, 
in the case of SMA III patients, a cardiac evaluation for 
primary arrhythmias. Pulmonary complications are the 
most common perioperative problem in these patients. 
Elective general anesthetics are contraindicated in the set-
ting of severely reduced pulmonary function. Pharyngeal 
weakness increases the aspiration risk in these patients and 
restrictive lung disease with muscle weakness contributes to 
respiratory insufficiency. Neuromuscular blocking agents 
and opioids should be carefully titrated and postoperative 
ventilation should be anticipated. Serum potassium and 
possibly CK should be assessed preoperatively in the setting 
of muscle wasting. Succinylcholine administration may 
increase rhabdomyolysis in these patients, causing acute 
increases in serum potassium. However, patients with 

significant muscle atrophy, such as this patient, may not 
have sufficient muscle mass to cause a clinically signifi-
cant increase in potassium (Answer A). There is no link 
between SMA and malignant hyperthermia.

Spinocerebellar ataxia (SCA) refers to a collection 
of genetic disorders that lead to neuron loss at different 
points in the spinocerebellar pathway. At least 25 sub-
types exist, each with a different constellation of symptoms. 
The majority of these disorders have an autosomal dominant 
inheritance, though autosomal recessive and X-linked inher-
itance can also occur. Ataxia is a prominent symptom in 
all these disorders. Other cerebellar symptoms, including 
dysarthria, explosive speech, dysmetria, and abnormal 
eye movements, are also common. Other neurologic symp-
toms, including cognitive impairment, seizures, and move-
ment disorders, reflect variable involvement of other areas 
of the neurologic system, including extrapyramidal tracts, 
brainstem, and cerebral cortex. The primary anesthetic 
concern is related to aspiration due to pharyngeal dys-
function and alveolar hypoventilation due to respiratory 
weakness. Myopathy is not a feature of these diseases, and 
response to succinylcholine is not expected to be abnormal.

K E Y P OI N T S

• SMA is caused by progressive degeneration of motor 
neurons in the spinal cord and sometimes the brainstem. 
Patients develop lower motor neuron signs, including 
wasting, weakness, and flaccid paralysis. Sensory and 
cognitive functions are unaffected.

• The most common perioperative problem for SMA 
patients is pulmonary complications, including 
aspiration and respiratory insufficiency. Succinylcholine 
can cause rhabdomyolysis in these patients. Unlike many 
other neuromuscular disorders, cardiac muscle is not 
directly affected in SMA patients.

• SCA is caused by neuron loss in the spinocerebellar 
pathway. Patients develop cerebellar symptoms and 
usually have prominent ataxia. The primary anesthetic 
concerns are aspiration and hypoventilation. Myopathy 
is not a feature of this disorder.
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25 .  A NS W E R : B

Overgrowth syndromes are genetic disorders in which 
patients present with disproportionate growth of vascular 
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or bony structures or of specific organs. Sturge-Weber, 
Klippel-Trenaunay, and Kasabach-Merritt syndromes are 
examples of disorders featuring vascular overgrowth. This 
patient’s presentation is consistent with Sturge-Weber syn-
drome. Patients with this syndrome have ipsilateral vascular 
anomalies of the face and CNS. Facial anomalies are com-
monly in the distribution of the ophthalmic division of the 
trigeminal nerve, but they may also involve multiple parts 
of the airway, including the nasopharynx, buccal mucosa, 
lips, tongue, palate, larynx, and pharynx. CNS anomalies 
can result in anoxic injury, seizures, and focal neurologic 
deficits. Klippel-Trenaunay syndrome presents with asym-
metric soft tissue and bone hypertrophy with associated 
vascular and lymphatic malformations, often occurring in 
the extremities. Vascular and lymphatic malformations may 
also be present in the brain, spinal cord, and gastrointestinal 
and genitourinary tracts. Patients with Kasabach-Merritt 
syndrome have apparent capillary hemangiomas that are 
prone to platelet trapping, leading to consumptive coagu-
lopathy and rapid enlargement of the malformation. The 
proximal extremities and trunk are commonly involved, 
and significant muscle and bone infiltration can be present. 
Head and face involvement is less common.

The systemic manifestations of vascular overgrowth 
depend on the type of lesions present. Arterial malfor-
mations are high-flow lesions that can result in limb 
hypertrophy and high-output cardiac failure. Low-flow 
lesions, including capillary, venous, and lymphatic malfor-
mations are less likely to result in heart failure. Vascular 
lesions are prone to bleeding from direct damage or 
during episodes of hypertension due to abnormal vaso-
motor control. Acute bleeding can result in airway compro-
mise or the development of neurologic deficits from brain 
or spinal cord hemorrhage. Patients may also be prone to 
the formation of deep venous thrombosis leading to 
pulmonary embolism. Lymphatic malformations com-
monly involve the head, neck, chest, and axilla. They affect 
the skin and underlying muscle and have the potential to 
become infected or enlarged. Airway lesions may result 
in obstruction, difficult mask ventilation or intubation, or 
uncontrolled bleeding. Treatment of these malformations 
depends on the type, location, and extent of lesions pres-
ent. Patients may present to the anesthesiology service for 
sclerotherapy, tumor resection, debulking, or limb ampu-
tation. Lesions may temporarily increase in size after 
sclerotherapy management, which potentially increases 
the difficulty of airway management if airway lesions are 
present. Anesthetic management should include an evalu-
ation of airway involvement, cardiac function, base-
line hemodynamics, and coagulation status (including 
hematocrit, platelets, and coagulation factors). Blood 
pressure should be tightly controlled intraoperatively to 
prevent spontaneous bleeding from malformations, and 
preparations should be made for massive transfusion. 
Neuraxial anesthesia is contraindicated in the presence of 

spinal cord vascular malformations, and regional anesthesia 
may be difficult or impossible if malformations are present 
near the site of blockade.

Simpson-Golabi-Behmel, Sotos, and Proteus syndromes 
are examples of disorders with skeletal overgrowth. The 
exact presentation differs between syndromes, but it usu-
ally includes macrocephaly with coarse facies, mandibular 
overgrowth, macroglossia, cervical vertebral anomalies 
with restricted joint motion, pectus deformities, and 
scoliosis. Airway management is complicated by obstruc-
tion due to a combination of bony encroachment and 
soft tissue hypertrophy and restricted joint motion. 
Pulmonary mechanics are often abnormal due to thoracic 
skeletal deformation. These syndromes may also be associ-
ated with congenital heart defects, endocrine abnormal-
ities (including abnormal thyroid function and glucose 
regulation), and vascular malformations. Osteopetrosis 
is caused by normal bone growth in the presence of deficient 
bone resorption. It presents with many of the same muscu-
loskeletal abnormalities as overgrowth syndromes, includ-
ing airway obstruction and restricted motion, and is also 
associated with the development of pathologic fractures.

K E Y FAC T S

• Sturge-Weber, Klippel-Trenaunay, and Kasabach-
Merritt are examples vascular overgrowth syndromes. 
Patients with Sturge-Weber syndrome have ipsilateral 
facial and CNS vascular anomalies. Klippel-
Trenaunay patients have asymmetric soft tissue 
and bone hypertrophy with vascular and lymphatic 
malformations, often occurring on the extremities. 
Kasabach-Merritt syndrome involves vascular lesions 
that are prone to platelet trapping with subsequent 
consumptive coagulopathy, often on the trunk and 
extremities.

• Manifestations of vascular overgrowth syndromes 
include high-output cardiac failure (especially for 
arterial lesions), bleeding due to direct trauma or 
hypertension, DVT formation, infection with 
enlargement, consumptive coagulopathy, and airway 
obstruction.

• Bony overgrowth syndromes result in anatomic 
distortion and restricted joint motion. Airway 
obstruction can occur due to mandibular overgrowth 
and bony encroachment, macroglossia, cervical vertebral 
abnormalities, and restricted temporomandibular joint 
motion. Cardiac, endocrine, and vascular anomalies may 
also be present.
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2 6 .  A NS W E R : A

This patient’s presentation is consistent with a subtype of 
multiple endocrine neoplasia (MEN). MEN syndromes 
feature tumors of multiple endocrine glands, which 
are divided into three subtypes. Patients with MEN type I 
(Wermer syndrome) have tumors of the parathyroid 
gland, pancreas, and pituitary. Parathyroid adenomas or 
hyperplasia are usually the first presenting sign and result 
in hypercalcemia and nephrolithiasis. Pancreatic islet cell 
tumors are commonly  β-cell insulinomas, which result 
in fasting hypoglycemia. Other pancreatic tumors 
include gastrinomas, resulting in peptic ulcer disease, and 
VIPomas, resulting in watery diarrhea, hypokalemia, and 
achlorhydria. Pituitary tumors are commonly prolacti-
nomas, but they may also be ACTH-secreting adenomas, 
which cause acromegaly, or nonfunctioning tumors, which 
can cause symptoms related to mass effect on surround-
ing tissue.

MEN type IIA (Sipple syndrome) features medullary 
thyroid carcinoma, pheochromocytomas, and hyper-
parathyroidism. Medullary thyroid carcinoma is derived 
from parafollicular C cells and produces calcitonin, which 
decreases calcium levels. This thyroid tumor is usually 
the first sign of MEN type II and presents as neck pain or 
mass between 15 and 20 years of age. Pheochromocytoma 
occurs in 50% of patients and is usually multicentric and 
bilateral. MEN type IIB (also called MEN type III 
or mucosal neuroma syndrome) also features medul-
lary thyroid carcinoma and pheochromocytoma, but 
patients do not have parathyroid involvement. Patients 
present with multiple mucosal neuromas on the lips, 
tongue, buccal mucosa, eyelids, conjunctiva, and cornea, 
resulting in distinctive facies with enlarged lips. Neuromas 
may also be present along the gastrointestinal tract and 
result in abdominal distention, megacolon, constipation, 
and diarrhea. Patients with MEN type IIB may also have 
marfanoid body habitus. This patient’s presentation is 
consistent with MEN type IIB.

For patients with MEN type IIA and IIB, pheochro-
mocytoma must be ruled out prior to induction of anes-
thesia. Patients with an undiagnosed pheochromocytoma 
are prone to sudden hypertensive crisis and intraoperative 
death. These patients are chronically vasoconstricted due 
to catecholamine release and therefore have volume deple-
tion, not volume overload (Answer D). Patients should be 
treated with  α-adrenergic blockade to allow vasodilation 
and correction of intravascular volume prior to surgery.  

β-blockade may be required to prevent tachycardia after  
α-blockade is instituted. Electrolyte abnormalities, usu-
ally related to calcium, should be corrected prior to surgery 
to prevent conduction abnormalities. Hypokalemia may 
occur in MEN type I patients with VIPomas. Hyperkalemia 
is not a feature of MEN syndromes (Answer B). Oral 
mucosal neuromas may affect airway management, and 
chronic thyroid enlargement may result in airway com-
pression or tracheomalacia.

Patients with neurofibromatosis (NF) have a 5% inci-
dence of pheochromocytoma. Histologically, the tumors 
present in MEN type III are pure neuromas, not neuro-
fibromas. Patients with NF may also present with renal 
artery stenosis, but this is not an expected association with 
MEN syndromes (Answer C).

K E Y FAC T S

• MEN type I (Wermer syndrome) presents with 
parathyroid, pancreas, and pituitary tumors. 
Hyperparathyroidism causes hypercalcemia. Pancreatic 
tumors can be insulinomas, gastrinomas, or VIPomas. 
Pituitary tumors may cause mass effects or endocrine 
abnormalities.

• MEN type IIA (Sipple syndrome) presents with 
medullary thyroid carcinoma, pheochromocytoma, and 
hyperparathyroidism. Medullary thyroid carcinomas 
produce calcitonin, which decreases calcium levels. 
Pheochromocytomas are usually multicentric and 
bilateral.

• MEN type IIB (also called MEN type III or mucosal 
neuroma syndrome) also presents with medullary 
thyroid carcinoma and pheochromocytoma, but without 
parathyroid involvement. These patients have multiple 
mucosal neuromas, which may interfere with airway 
management.
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27.  A NS W E R : D

This patient’s presentation is consistent with 
McCune-Albright syndrome. This syndrome is defined by 
a triad of autonomous endocrine hyperfunction, polyos-
totic fibrous dysplasia, and caf é-au-lait skin pigmenta-
tion. It is an autosomal dominant disease that is caused by 
constitutive activation of G protein–coupled receptors. The 
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severity of disease is highly variable. Examples of endocrine 
hyperfunction in this disease include precocious puberty, 
hyperthyroidism, hypercortisolism, hyperglycemia, 
gigantism, and acromegaly. Bone disease in this disorder 
manifests as hypophosphatemic osteomalacia, pathologic 
fractures, and deformities of weight-bearing bones and 
bony skull base lesions resulting in cranial nerve com-
pression. Patients with this disease may have sudden death 
due to arrhythmias. Acromegaly and skull lesions can lead 
to upper airway obstruction and make airway manage-
ment difficult in these patients, and large thyroid goi-
ters can cause airway compression or tracheomalacia. 
Patients with untreated hyperthyroidism are at risk for thy-
roid storm and hemodynamic instability during anesthesia. 
Hypercortisolism results in hypokalemia, hyperten-
sion, and hyperglycemia, which also must be addressed 
perioperatively.

Prader-Willi syndrome also features endocrine anom-
alies and is caused by a chromosome 15 microdeletion. 
Neonates present with low birth weight, hypotonia, poor 
feeding, and failure to thrive. However, during childhood 
these patients develop uncontrolled hyperphagia with 
subsequent obesity and development of type II dia-
betes mellitus. Obesity leads to restrictive lung disease, 
ventilation-perfusion mismatching, and obstructive sleep 
apnea. Patients also have abnormal respiratory control 
with decreased sensitivity to hypoxia and hypercarbia. 
Chronic hypoxia and hypercarbia cause polycythemia, 
systemic and pulmonary hypertension, and eventual right 
ventricular failure. Patients are also prone to conduction 
abnormalities. Other endocrine anomalies include hypo-
gonadism and delayed puberty. Patients also present with 
neurologic and psychiatric abnormalities, including 
emotional lability and poor motor and cognitive skills, and 
musculoskeletal abnormalities, including hypermobile 
joints, kyphoscoliosis, short stature, and small hands and 
feet. Anesthetic management in these patients is com-
plicated by chronic cardiac and pulmonary disease, 
difficult airway management and aspiration risk, post-
operative respiratory insufficiency, and abnormal glu-
cose control.

Many genetic disorders are associated with endocrine 
abnormalities. Neonatal hypoglycemia due to insu-
lin hypersecretion or increased activity of insulin-like 
growth factors is a feature of some overgrowth syn-
dromes (including Beckwith-Weidemann syndrome 
and Simpson-Golabi-Behmel syndrome) and congeni-
tal hyperinsulinism (nesidioblastosis). These patients 
require careful glucose monitoring and glucose infusions 
perioperatively. In the case of congenital hyperinsulinism, 
glucose requirements can vary dramatically intraopera-
tively depending on pancreatic activity. Hypothyroidism 
is commonly seen in Trisomy 21 patients, while hyper-
thyroidism may be seen in osteogenesis imperfecta. 
Parathyroid hypoplasia with hypocalcemia is seen in 

chromosome 22q11 microdeletions (velocardiofacial 
syndrome, diGeorge syndrome) while hypercalcemia 
is found in multiple endocrine neoplasia (MEN) type I 
and Williams syndrome.

K E Y FAC T S

• McCune-Albright syndrome presents with a triad 
of autonomous endocrine hyperfunction, skeletal 
abnormalities, and caf é-au-lait skin pigmentation. 
Patients may have airway compression due to skull and 
thyroid abnormalities and may have endocrine and 
electrolyte abnormalities that may affect intraoperative 
management.

• Patients with Prader-Willi syndrome develop 
uncontrolled hyperphagia that results in obesity, type 
II diabetes, obstructive sleep apnea, and abnormal 
respiratory control.
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2 8 .  A NS W E R : C

Inborn metabolic disorders are characterized by an inher-
ited deficiency in any critical step in metabolism. The 
majority of these disorders are autosomal recessive, 
though some are X-linked recessive or mitochondrial 
disorders. These deficiencies can cause symptoms through 
a variety of mechanisms, including accumulation of a 
toxic substrate, deficiency of a critical reaction product, or 
inadequate energy production. Patients with metabolic 
disorders are generally normal at birth because toxic 
substrates are cleared by the maternal circulation in 
utero. A number of metabolic disorders can be detected on 
routine neonatal screening, but testing varies from state to 
state and is not comprehensive. Many metabolic disorders 
present as acute decompensation in the neonatal period. 
Symptoms are generally nonspecific, including poor 
feeding, lethargy, vomiting, respiratory distress, and 
encephalopathy, and may initially be attributed to sep-
sis or shock. Decompensation may be triggered by specific 
food ingestions, prolonged periods of fasting, or intercur-
rent illness. A key feature is that these symptoms generally 
do not resolve with standard therapies.
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Other metabolic disorders have a more indolent course 
with onset any time from birth to adulthood. Findings 
may include neurologic abnormalities, specific organ 
involvement, or development of dysmorphic features. 
The most common neurologic finding is developmental 
or psychomotor delay. The delays are usually global and 
regression with loss of previously attained milestones 
is commonly seen. Other common findings are seizures 
refractory to treatment, movement disorders (including 
dystonia and chorea), blindness, deafness, and rarely stroke. 
Liver and spleen involvement can present with hypo-
glycemia, cholestasis, liver failure and cirrhosis. Cardiac 
involvement can include dilated cardiomyopathy due to 
myocardial energy deficiency, hypertrophic cardiomyopa-
thy due to intramyocardial deposition of complex mol-
ecules, or conduction abnormalities. Other commonly 
involved organ systems include the kidneys, muscles, 
and eyes. Initial workup for metabolic disorders generally 
includes assessment of serum pH, lactate, electrolytes, liver 
function, glucose, ketones, and ammonia. More compre-
hensive screening includes testing for specific metabolic 
substances and brain MRI.

Amino acid metabolism disorders and urea cycle 
defects are deficiencies in protein metabolism. The four 
most common amino acid disorders are phenylketonuria, 
tyrosinemia, maple syrup urine disease, and homocyste-
inuria. Phenylketonuria is a disorder of phenylalanine 
metabolism. Excessive accumulation of phenylalanine in 
untreated patients leads to neurologic deterioration (psy-
chomotor retardation with significant intellectual disabil-
ity, seizures, increased reflexes, abnormal gait and posture), 
episodic vomiting, and a musty odor. Tyrosinemia, 
caused by abnormal tyrosine metabolism, has three pre-
sentations. Type I disease presents with hepatic and renal 
failure, peripheral neuropathy with weakness, pain crises, 
and hypertrophic cardiomyopathy. Type II disease has 
mainly oculocutaneous findings. Type III disease presents 
with neurologic impairment, including seizures and ataxia. 
Maple syrup urine disease is a disorder of branched chain 
amino acid metabolism. Patients with this disease present 
within days of birth with lethargy and poor feeding that 
progresses to apnea and coma. The urine is characteristi-
cally sweet smelling. Patients with homocysteinuria have 
a marfanoid body habitus due to disordered collagen pro-
duction and have cardiovascular abnormalities. These 
patients develop premature coronary artery disease with 
myocardial ischemia and are also prone to spontaneous 
arterial and venous thromboembolic events that can 
result in early death and stroke. Other neurologic complica-
tions include mental retardation and seizures. Many of the 
features of these diseases are preventable with early and 
strict dietary restrictions that limit the accumulation of 
toxic metabolites. Workup shows an anion gap acidosis 
with or without abnormal lactate, ketones, ammonia, 
and glucose. Diagnosis can be made by measuring plasma 

and urine amino acids. Ammonia produced by amino 
acid degradation is converted to urea for renal excretion 
by the urea cycle. Six urea cycle defects are known and 
usually present within days of birth with poor feeding, 
vomiting, tachypnea, lethargy, and coma. Workup shows 
hyperammonemia without acidosis or hypoglycemia.

Patients with amino acid metabolism disorders and 
urea cycle defects are protein intolerant. Management 
includes a protein-restricted diet that provides essential 
amino acids without causing overload of the protein meta-
bolic pathways. Dietary restrictions should be resumed 
postoperatively as soon as possible. It is also important to 
prevent perioperative catabolism of endogenous pro-
tein stores. Fasting time should be limited and patients 
should be given adequate calories intravenously to pre-
vent catabolism. This can be done with dextrose infu-
sions, but complete suppression of catabolism requires 
relatively high-dose infusions (10% dextrose in 0.45% 
normal saline at 1–2 times the maintenance rate). 
Supplemental intravenous fat emulsions can be given to sup-
ply calories while limiting the glucose load. Other sources 
of protein loads, such as heme absorption after gastroin-
testinal bleeding or hematoma resorption, can also cause 
problems. Patients having oral or nasal surgery should 
have throat packs in place, and gastric blood should be 
aspirated prior to emergence. Nitrous oxide is contrain-
dicated in homocysteinuria, as inhibition of methionine 
synthase will increase homocysteine levels. Avoidance of 
nitrous oxide should be considered in other amino acid 
and urea cycle disorders because patients on strict dietary 
restrictions may be vitamin B12 deficient. Other anesthetic 
considerations for these patients include management of 
medical sequelae of their metabolic disorder, including neu-
rologic, hepatic, renal, and cardiac disease.

This patient has not had adequate caloric intake since 
his surgery to prevent protein catabolism and is absorb-
ing a protein load from the blood in his stomach. He is 
likely lethargic due to hyperammonemia and resul-
tant encephalopathy. He will require high-dose dextrose 
infusions to suppress catabolism and should maintain a 
protein-restricted diet postoperatively. Using 5% dextrose 
at maintenance is not sufficient to prevent catabolism, and 
lactated fluids should be avoided. Therefore, Answer B will 
worsen his neurologic status. Orogastric suctioning will 
prevent further protein loading from heme absorption. 
This patient will require clearance of the ammonia already 
accumulated in his system. This can be accomplished with 
medications such as sodium benzoate or with hemodialysis. 
Management of this aspect of the patient’s care will likely 
require consultation from a metabolic specialist.

K E Y FAC T S

• Inborn errors of metabolism can present as acute 
decompensation in the neonatal period or can have an 
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indolent course with presentation any time from birth to 
adulthood. Symptoms of neonatal decompensation are 
generally nonspecific, including poor feeding, lethargy, 
vomiting, respiratory distress, and encephalopathy. 
Findings in disorders with an indolent onset include 
neurologic delays or regression, dysmorphic features, 
and involvement of liver, spleen, heart, kidneys, muscles, 
or eyes.

• Amino acid metabolism disorders (including 
phenylketonuria, tyrosinemia, maple syrup urine 
disease, and homocysteinuria) and urea cycle defects are 
disorders of protein metabolism. Patients are protein 
intolerant and require stringent dietary restrictions to 
prevent decompensation. Perioperatively, fasting times 
should be limited, protein loads avoided, and adequate 
calories provided to prevent catabolism of endogenous 
protein (often requiring 10% dextrose at 1–2 times the 
maintenance rate).
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29.  A NS W E R : D

Disorders of carbohydrate metabolism include deficien-
cies in gluconeogenesis (glucose formation from pyruvate) 
and glycolysis (glycogen breakdown to glucose). The glyco-
gen storage diseases (GSD) are a group of disorders that 
are caused by an inability to break down glycogen with 
resultant deposition in various tissues. Patients present 
with hypoglycemia, ketosis, possible lactic acidosis, 
and variable hepatomegaly, cardiomegaly, and myopa-
thy. Ketosis is due to the appropriate breakdown of fatty 
acids as a source of energy in the absence of glucose. Severe 
hypoglycemia can manifest as seizures, lethargy, or coma. 
GSD types I (von Gierke disease, most common GSD), III, 
VI, and IX present with prominent hepatomegaly. Type 
III disease may also involve myopathy, and types I and III 
can have associated platelet dysfunction. Types VI and IX 
have a more benign course with less hypoglycemia and reso-
lution of hepatomegaly after puberty. Type IV disease has 

particularly severe liver involvement with cirrhosis requir-
ing transplant in infancy. Types V (McArdle disease) and 
VII primarily have muscle involvement. These disorders 
may present in adolescence with exercise intolerance and 
myoglobinuria with or without hypoglycemia. Patients 
with type VII disease also have hemolytic anemia. GSD 
type II (Pompe disease) is also a lysosomal storage disorder. 
It is characterized by massive glycogen deposition in mul-
tiple tissues (heart, muscle, brain, spinal cord, kidney, liver, 
spleen, and tongue) and causes prominent cardiomegaly and 
myopathy without hypoglycemia. In general, these patients 
should have minimal fasting times with close periop-
erative glucose monitoring. Perioperative fluids should 
include dextrose and should not include lactate. Patients 
with cardiac involvement may have hypertrophic cardio-
myopathy or conduction abnormalities, and those with 
liver involvement may have coagulation abnormalities, 
liver failure with cirrhosis, and a restrictive lung defect 
due to severe liver enlargement. Glycogen deposition does 
not generally occur in the lungs, so intrinsic lung disease 
is not expected. Myopathies may result in significant 
weakness, predisposing patients to respiratory failure and 
aspiration. Succinylcholine and tourniquets should be 
avoided in patients with myopathies. With the exception 
of Pompe disease, the central nervous system is not usually 
directly affected in this disease. Severe recurrent hypogly-
cemia may cause neurologic injury with seizures. However, 
refractory seizures that may be seen in other metabolic dis-
orders are not a feature of GSDs, and structural CNS dis-
ease is not expected (Answer B). The airway is not generally 
affected by these disorders, with the exception of Pompe 
disease, which may be associated with difficult airway man-
agement due to macroglossia. Atlantoaxial instability is not 
a feature of these disorders (Answer C).

Patients with defects in catabolism of complex mol-
ecules present with storage diseases. Lysosomes are cel-
lular organelles that contain the enzymes responsible for 
this process. Enzyme deficiencies lead to accumulation and 
storage of an intermediate compound with cellular dam-
age. Initial normal development followed by subsequent 
regression is a common characteristic of these disorders. 
Important lysosomal storage diseases include mucopolysac-
charidoses and sphingolipidoses. Mucopolysaccharidoses 
(MPSs) are caused by storage of glycosaminogly-
cans, commonly in the heart, brain, liver, and airway. 
Common types of MPS include Hurler syndrome (MPS I); 
Hunter syndrome (MPS II, which has a less severe course 
and slower progression than Hurler syndrome); Sanfilippo 
syndrome (MPS III, which has severe CNS involvement); 
and Morquio syndrome (MPS IV), though up to nine types 
exist. Symptoms include a progressive neurologic deficit 
(developmental delay followed by regression, intellectual dis-
ability, increased intracranial pressure, or seizures), hepato-
splenomegaly, musculoskeletal anomalies (short stature, 
dysostosis multiplex, kyphoscoliosis, pectus deformities, 
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and joint contractures), and coarse facial features. Airway 
management is typically very difficult in these patients 
and becomes worse with age. Soft tissues, including lips, 
tongue, tonsils, and adenoids, are enlarged by glycosami-
noglycan deposition and cause significant obstruction. 
Oral airways may worsen obstruction by positioning the 
epiglottis over the larynx. Nasal airways may help but can 
be difficult to place due to narrowing of the nasal passages. 
Patients typically have restricted mouth opening, short 
neck, and narrow trachea with an anterior larynx. Neck 
motion may be restricted by joint contractures and patients 
are also prone to atlantoaxial instability and cord com-
pression with extension. Cardiovascular involvement 
can include coronary artery narrowing with ischemia 
and thickened, dysplastic valves. Anesthetic management 
of these patients should include plans for difficult airway 
management, anticipation of postoperative airway obstruc-
tion or respiratory insufficiency, difficult positioning and 
intravenous access due to contractures and assessment of 
neurologic and cardiac function.

Sphingolipidoses are caused by lipid accumula-
tion in viscera (including brain, spleen, liver, kidneys, 
and lungs) and bone marrow. Examples include Gaucher 
disease (the most common lysosomal storage disorder), 
Niemann-Pick disease, Tay-Sachs disease (or GM2 ganglio-
sidosis), and various leukodystrophies, each of which has a 
different presentation. Common neurologic symptoms 
include psychomotor delay and regression, seizures, behav-
ioral changes, myoclonus, hyper- or hypotonia, extrapyra-
midal and cerebellar symptoms, and movement disorders. 
In leukodystrophies, accumulation of complex molecules 
particularly affects the growth and development of myelin 
and results in progressive demyelination. Hematologic 
findings include anemia, thrombocytopenia, and platelet 
dysfunction and lymphoid tissue enlargement. Patients may 
also have hepatosplenomegaly and restrictive pulmo-
nary disease (due to both liver enlargement and lipid depo-
sition), which can result in right heart failure. Patients 
with Gaucher disease may have decreased bone density and 
are prone to pathologic fractures and kyphoscoliosis. These 
patients are at increased risk for aspiration and postopera-
tive respiratory insufficiency due to hypotonia and restric-
tive lung disease. Patients may also have a difficult airway 
due to lymphoid tissue hyperplasia, trismus, and, in the case 
of Gaucher disease, possibility of vertebral fracture with 
neck extension. Patients with movement disorders should 
not receive dopamine antagonists for nausea prophylaxis 
because this may worsen their symptoms. Succinylcholine 
should be avoided in patients with muscle denervation.

K E Y FAC T S

• GSDs are caused by an inability to break down glycogen 
with resultant deposition in various tissues. Patients 
present with hypoglycemia, ketosis, possible lactic 

acidosis and variable hepatomegaly, cardiomegaly, and 
myopathy.

• Mucopolysaccharidoses are caused by storage of 
glycosaminoglycans, commonly in the heart, brain, liver, 
and airway. Patients typically have very difficult airways, 
which worsen with age. Other manifestations include 
progressive neurologic deficits, hepatosplenomegaly, 
musculoskeletal anomalies, and coronary artery and 
valve involvement.

• Sphingolipidoses are caused by lipid accumulation in 
viscera (brain, spleen, liver, kidneys, and lungs) and 
bone marrow. Patients have neurologic and hematologic 
abnormalities, hepatosplenomegaly, and restrictive 
pulmonary disease leading to right heart failure. Airway 
management may be difficult.
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3 0 .  A NS W E R : A

The clinical findings in this patient are consistent with 
a diagnosis of porphyria. The porphyrias are a group 
of disorders caused by defects in heme biosynthesis. 
Decreased heme production reduces negative feedback to 
ALA synthetase, which results in stimulation of porphyrins 
and an overproduction of heme precursors proximal to the 
block. The disorders are characterized as erythropoietic 
or hepatic depending on the major site of heme over-
production. Some disorders are chronic, but some, such as 
acute intermittent porphyria, present with acute attacks. 
Chronic disorders can present with hepatic disease and 
cutaneous photosensitivity with bullae and scar forma-
tion. Acute attacks are characterized by nonspecific 
abdominal and back pain (which may lead to inappro-
priate surgical intervention), vomiting, neuropsychiatric 
changes (including disorientation, hallucinations, para-
noia, and anxiety), weakness and neuropathy (including 
cranial nerve and bulbar dysfunction leading to respiratory 
failure), seizures, and electrolyte disturbances (including 
hyponatremia). Patients are usually normal between attacks 
but may have residual weakness with delayed recovery. 
Attacks occur primarily in women between puberty and 
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menopause and carry a mortality rate of 10%, mostly 
due to infection, respiratory failure, and arrhythmias. 
Triggers for attacks include starvation or dehydration, 
infection, estrogens (in this patient, the attack was likely 
triggered by starting oral contraceptives), physiologic and 
psychologic stress, and some drugs. Cytochrome P450 
stimulators cause increased heme incorporation into cyto-
chromes, reducing serum levels of heme and leading to 
increased ALA synthetase activity. Treatment of an acute 
attack involves carbohydrate loading and heme adminis-
tration to decrease ALA synthetase activity, correction of 
electrolytes and fluid deficits, and management of hemody-
namic alterations.

Anesthetic management of patients with porphyria 
includes avoidance of known attack triggers, includ-
ing dehydration, physiologic and psychologic stress, 
and certain drugs. Single, acute exposures to ALA induc-
ers in an otherwise healthy patient are unlikely to trigger 
an attack. However, single exposures to a patient under 
physiologic stress or multiple exposures in a latent patient 
are unlikely to be tolerated. Known anesthetic triggers 
that should be avoided are barbiturates, etomidate, 
and mepivacaine. Safe anesthetics include midazolam, 
lorazepam, propofol, nitrous oxide, isoflurane, succi-
nylcholine, vecuronium, neostigmine, scopolamine, 
atropine, morphine, fentanyl, bupivacaine, and lido-
caine. The effects of ketamine, diazepam, sevoflurane, 
desflurane, pancuronium, rocuronium, sufentanil, and 
prilocaine are unclear. Other medications used periop-
eratively, including cardiovascular and antiemetic medica-
tions, may also have interactions with porphyria and should 
be evaluated prior to administration. Elective surgical pro-
cedures during an acute porphyria attack should be delayed.

Glucose-6-phosphate dehydrogenase (G6PD) defi-
ciency is unrelated to porphyrias. However, these patients 
can also have acute exacerbations of their disorder related 
to drug administration, which may affect anesthetic man-
agement. G6PD deficiency is the most common enzymopa-
thy in humans. It is an X-linked disorder, though female 
patients can also have symptoms. G6PD is required for 
NADPH production in mature red blood cells (RBCs). 
NADPH supplies reducing energy to protect RBCs 
from oxidative damage. Exposure to a trigger results in 
increased oxidative stress that cannot be repaired due 
to limited NAPDH stores. Patients present with episodic 
hemolysis starting 2–3 days after trigger exposure and 
recovering on day 8. Known triggers include some anal-
gesics, antibiotics, and other medications. Analgesic 
triggers include high-dose aspirin (and possibly other 
nonsteroidal anti-inflammatory medications), phen-
acetin, and prilocaine (a component of EMLA cream). 
Nitrofurantoin, sulfonamides, and some antimalarial 
medications should be avoided in these patients. Other 
triggering medications include methylene blue, nitrates, 
nitroprusside, and hydralazine.

K E Y FAC T S

• Porphyrias are disorders of heme biosynthesis. Chronic 
disorders present with hepatic and cutaneous disease. 
Acute attacks present with nonspecific abdominal and 
back pain, vomiting, neuropsychiatric changes, weakness 
and neuropathy, seizures, and electrolyte disturbances.

• Triggers for an acute porphyria attack include starvation 
and dehydration, infection, estrogens, stress, and some 
drugs. Anesthetic drugs that should be avoided include 
barbiturates, etomidate, and mepivacaine. Appropriate 
drugs for use in these patients are listed herein.

• G6PD deficiency results in a decreased capacity of red 
blood cells to recover from oxidative stress. Patients 
present with episodic hemolysis starting 2–3 days after 
exposure to a trigger. Known triggers include some 
analgesics (nonsteroidal anti-inflammatory medications, 
phenacetin, and prilocaine) some antibiotics (including 
sulfonamides), methylene blue, nitrates, nitroprusside, 
and hydralazine.
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31.  A NS W E R : C

Maternal drug use during pregnancy has significant effects 
on the developing fetus. Drug use is associated with poor 
maternal health and prenatal care, which can have direct 
effects on the baby. In general, these pregnancies can be 
complicated by spontaneous abortion, stillbirths, fetal 
distress, intrauterine growth restriction, prematurity, 
and placental abruption. Neonates may be born with 
malformations and neurobehavioral dysfunction, and 
they may undergo withdrawal syndromes. Women who 
use one substance are more likely to use other substances 
as well, which is a significant confounding factor in stud-
ies looking at the effects of specific drugs on the developing 
fetus. General determinants of the effect of drug exposure 
include gestational age at exposure, amount consumed, 
and pattern of consumption.

Cocaine decreases reuptake of dopamine and nor-
epinephrine, leading to increased circulating catechol-
amine levels. This causes tachycardia, vasoconstriction, 
hypertension, and arrhythmias in the mother with 
resultant decreased uteroplacental blood flow and 
fetal hypoperfusion. Transplacental passage of cocaine 
prior to birth increases catecholamines in the neonate, 
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resulting in tachycardia and arrhythmias, hypertension, 
and decreased cardiac output. These babies are prone 
to vascular complications including hypoxic-ischemic 
cerebral injuries and necrotizing enterocolitis. The auto-
nomic abnormalities associated by cocaine exposure 
resolve after birth as catecholamine levels normalize, 
usually by the second day of life. Nonemergent surger-
ies should be delayed until hemodynamic abnormali-
ties resolve. In this case, the patient should be managed 
medically in the NICU until tachycardia and hyper-
tension resolve. Proceeding with general anesthesia is 
not the correct option at this time. In an emergent situa-
tion, anesthetics should be narcotic based with avoidance 
of halothane, desflurane, and direct-acting sympa-
thetic agents. Patients will have abnormal responses to 
indirect-acting sympathetic agents due to depletion of 
endogenous catecholamine stores. This mother may have 
abused opiates during her pregnancy (use of one illicit 
substances makes use of a second substance more likely), 
which would increase the patient’s opioid requirements, 
but cocaine exposure itself would not increase opioid 
requirements. Cocaine exposure is not associated with 
any specific physical malformations and difficult airway 
management would not be anticipated.

In utero exposures to alcohol, tobacco, and opiates can 
also have significant effects on the developing fetus. Early 
alcohol exposure causes defective organogenesis and 
craniofacial development, while sustained exposure 
leads to growth deficiency and neurodevelopmental 
effects. Patients with fetal alcohol syndrome have dys-
morphic facies (microcephaly, midface hypoplasia, ptosis, 
micrognathia, cleft lip or palate, and short neck), which 
may lead to difficult airway management. Other issues 
include structural brain abnormalities, cognitive impair-
ment, motor dysfunction, and irritability or hyperactivity. 
Musculoskeletal, renal, and cardiovascular anomalies are 
also possible, but they are less common. Tobacco is the 
most common in utero drug exposure. It causes vasocon-
striction and carbon monoxide exposure, which leads 
to fetal hypoxemia. These babies have an increased risk 
of sudden infant death syndrome (SIDS) and ongoing sec-
ondhand exposure after birth can cause significant reactive 
airways disease. Opiate exposure is also associated with 
fetal hypoxia, and the effect of opioid exposure on the devel-
oping brain is unknown. These patients can experience sig-
nificant withdrawal symptoms, involving the neurologic, 
respiratory, and gastrointestinal systems, which peak dur-
ing the first week for heroin exposure and at 3–4 weeks 

of life for methadone exposure. Long-term effects of these 
substances are variable. It appears that there is no difference 
in growth or overall health after early childhood. Studies 
regarding neurobehavioral effects have conflicting results.

Neonatal abstinence syndrome describes the constel-
lation of symptoms experienced by neonates who are with-
drawing from a substance to which they were exposed in 
utero. The exact symptoms and timing of presentation vary 
depending on which substances were used during preg-
nancy. Common presentations include neurologic (irrita-
bility, hyperactive reflexes, increased muscle tone, seizures, 
and sleep disturbances), gastrointestinal (feeding prob-
lems, regurgitation), autonomic dysfunction (fever, sweat-
ing, and sneezing), and respiratory problems (tachypnea 
and nasal stuffiness). Nonpharmacologic interventions 
include swaddling, decreased environmental stimulation, 
and avoiding unnecessary handling. Pharmacologic treat-
ments include opioids or clonidine for narcotic with-
drawal and phenobarbital for polydrug exposure with 
slow tapers of these medications.

K E Y FAC T S

• Neonates born after recent cocaine exposure present 
with hemodynamic and vascular manifestations of 
increased catecholamines. Nonemergent surgeries should 
be postponed until these hemodynamic abnormalities 
resolve, usually on the second day of life.

• Fetal alcohol syndrome results in dysmorphic 
facies, structural brain abnormalities, and cognitive 
impairment and motor dysfunction. Neonates and 
children with tobacco exposure have an increased risk of 
SIDS and reactive airways disease.

• Opiate exposure in utero causes significant withdrawal 
symptoms in neonates. Neonatal abstinence syndrome 
manifests with neurologic, gastrointestinal, and 
respiratory symptoms.
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1. A  34-year-old G3P2 female at 40 weeks with an 
uncomplicated pregnancy presents to your obstet-
rics floor for induction of labor. Her first pregnancy 
involved an ex utero intrapartum treatment (EXIT) 
procedure for a fetal goiter with low-lying anterior pla-
centa. Her medical history is otherwise insignificant. 
The labor nurse notices a sudden increase in pain and 
vaginal bleeding. After an uneventful placement of an 
epidural and a bolus of bupivacaine 0.0625% 10 cc, the 
fetal heart tracing is noted (see Fig. 12.1).
What is the most likely diagnosis?

A. Uterine rupture
B. Placenta previa
C. Prolapsed umbilical cord
D. Epidural-induced hypotension

2. Which of the following statements about hypoplastic 
left heart syndrome (HLHS) with severe aortic stenosis 
(AS) prenatal intervention is most accurate?

A. Postpartum management includes multiple-staged 
cardiac surgeries with a high mortality rate of over 50%.

B. In utero, fetoscopic intervention is considered a 
viable option with the potential to prevent the arrest 
of left ventricular growth.

C. Neuroaxial anesthesia is often used instead of 
general anesthesia.

D. Prenatal intervention is often done at gestational 
ages between 10 and 16 weeks.

3. During a fetoscopic cardiac intervention for a 
Tetralogy of Fallot with pulmonary atresia and hypo-
plastic pulmonary arteries, it is noted on echocardio-
gram that the fetal ventricular volume is low with a 
heart rate of 90 bpm. Which of the following maneu-
vers would be most effective in reducing fetal acidosis?

A. Administer 100% oxygen to the mother.
B. Intracardiac transfusion of 10 cc/kg of O negative 

irradiated blood.

Figure 12.1 From Avila WS, Gouveia AM, Pomerantzeff P, et al. Maternal-fetal outcome and prognosis of cardiac surgery during pregnancy. 
Arq Bras Cardiol. 2009;93(1):9–14.
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C. Emergent delivery of fetus with activation of PALS 
protocol.

D. Increase maternal mean arterial pressure by 25% 
above awake baseline with ephedrine.

4. A  37-year-old G1P0 female at 20 weeks has a fetal 
diagnosis of pulmonary atresia with intact ventricular 
septum on ultrasound. After consultation by an inter-
ventional pediatric cardiologist, she is scheduled for 
a cardiac catheter balloon dilation of the pulmonary 
valve. Which of the following statements about feto-
scopic intervention are accurate?

A. Amniotic membrane puncture with a fetoscope will 
close by itself after removal of scope.

B. Post fetoscopic intervention risk of preterm 
premature rupture of membranes (PPROM) can be 
as high as 60%.

C. Tocolytic requirements are no different with open 
hysterotomy and fetoscopic surgery.

D. Postoperative monitoring with fetal 
electrocardiography on maternal abdomen is 
standard of care.

5. Which fetal disease process would benefit the most by 
the ex utero intrapartum treatment (EXIT) procedure?

A. Pyloric stenosis
B. Myelomeningocele
C. Hypoplastic left heart syndrome
D. Twin-twin transfusion syndrome (TTTS)

6. Which of the following statements about cesarean 
section and ex utero intrapartum (EXIT) procedure is 
most likely true?

A. EXIT procedures have a significantly lower surgical 
blood loss compared with cesarean sections.

B. Hysterotomy incision is always low and transverse in 
EXIT procedure.

C. Short-term maternal outcomes show significant 
increases in hospital stay and estimated blood loss 
when comparing EXIT procedure to cesarean section.

D. Anesthetics techniques used to minimize maternal 
hemorrhage in a cesarean section may conflict with 
the surgical needs of an EXIT procedure.

7. Which of the following commonly used anesthesiol-
ogy medications has the lowest fetal to maternal drug 
ratio in regard to uteroplacental transfer in a parturient?

A. Ephedrine
B. Vecuronium
C. Ketamine
D. Nitrous oxide

8. Which of the following can improve fetal oxygenation?

A. Terbutaline
B. Oligohydramnios
C. Fetal catecholamine production
D. Epidural bolus of bupivacaine

9. Which of the following is most likely a benefit of fetal 
anesthesia and analgesia during fetal surgery?

A. Volatile anesthetics reduce fetal acidosis
B. Improved postnatal neurological development
C. Improved APGAR scores
D. Increased uterine contractility

10. Which of the following about fetal pain conscious-
ness is most likely accurate?

A. Fetal thalamocortical circuits are developed by the 
third trimester.

B. The fetal withdrawal reflex only occurs during 
painful stimuli.

C. The fetal electroencephalogram (EEG) cannot be 
accurately measured.

D. The fetal endocrine response to pain does not occur 
until after delivery.

11. A 22-year-old G1P0 at 40 weeks who is otherwise 
healthy presents for induction of labor. The patient is 
currently on an oxytocin drip that has been gradually 
increased over the past few hours. After an unevent-
ful placement of an epidural, a bolus of bupivacaine 
0.25% 5 cc is given and ropivicaine 0.2% 12 cc/hr is 
initiated. After half an hour, you are called back in 
because the nurse has started to notice late decelera-
tions with moderate baseline variability on the fetal 
heart tracing. What is the most likely next step in 
management?

A. Bolus the epidural in preparation for emergent 
cesarean section.

B. Administer terbutaline.
C. Transfuse 2 units of PRBC.
D. Refresh the blood pressure cuff and consider 

phenylephrine or ephedrine if the parturient is 
hypotensive.

12. Which of the following increases the risk for pre-
term labor after fetal surgery?

A. Short surgical time
B. Administration of magnesium
C. Multiple fetoscopic ports
D. Lack of maternal muscle relaxants
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13. Which of the following drugs is the most effective in 
reducing uterine contractions?

A. Dobutamine
B. Indomethacin
C. Calcium chloride
D. Dexmedetomidine

14. Serial ultrasonographic surveillance of a pregnant 
woman who is otherwise healthy with a fetus compli-
cated by noncystic extralobar pulmonary sequestration 
is an important part of fetal management because:

A. Spontaneous regression of mass may occur.
B. Emergent in utero laser ablation of mass may be 

needed.
C. Blood transfusion may be needed.
D. Intra-amniotic infusion may be needed.

15. Which of the following increases the risk of fetal 
demise during congenital cystic adenomatoid malfor-
mation (CCAM) in utero resection?

A. Maternal gestational diabetes
B. Low tumor-to-head circumference ratio
C. Advanced maternal age
D. Mediastinal shift

16. Which of the following are potential concerns of 
in utero resection of sacrococcygeal teratomas (SCTs)?

A. Hypothyroidism
B. Fetal high output cardiac failure
C. Down syndrome
D. Congenital heart disease

17. Which of the following shows the correct path of 
maternal oxygenated blood to vital fetal organs?

A. Placentaumbilical veinductus venosus/
liverIVCright atrium foramen ovaleleft 
atriumleft ventricleaorta

B. Placentaumbilical arteryductus venosus/
liverIVCright atriumForamen ovaleleft 
atriumleft ventricleaorta

C. Uterine veinplacentaumbilical 
veinductus arteriosus/liverIVCright 
atriumforamen ovaleleft atrium left 
ventricleaorta

D. Uterine arteryplacentaumbilical veinductus 
arteriosus/liver IVCright atrium foramen 
ovaleleft atrium left ventricleaorta

18. Normal fetal umbilical vein oxygenation is ~30 mm 
Hg. Which of the following most likely explains how a 
fetus can survive with such a low oxygenation supply?

A. Fetal P
50

 is higher than maternal P
50

B. Fetal hemoglobin concentration is lower than adult
C. Fetus has a high combined ventricular output
D. Fetus has a high 2,3 diphosphoglycerate 

concentration

19. Fetal heart rate (FHR) monitoring of a fetus was 
noted to have diminished variability with recurrent 
variable decelerations. Fetal scalp blood sampling (FSS) 
is obtained with a pH of 7.28. What should be the next 
clinical step?

A. Emergent cesarean section with general anesthesia
B. Emergent cesarean section with a spinal
C. Continue fetal heart rate monitoring
D. Intravenous fluid bolus

20. During an ex utero intrapartum treatment proce-
dure to correct myelomeningocele, it is noted that the 
fetal SpO

2
 readings have been fluctuating between 55% 

and 65% with FHR of 150–160 beats per minute (bpm). 
These vitals signs are an indication of:

A. Fetal asphyxia
B. Anemia
C. Fetal tachycardia
D. Normal fetal well-being

21. Which of the following monitors would be most 
useful during a fetoscopic repair of aortic stenosis with 
hypoplastic left heart syndrome (HLHS)?

A. Fetal pulse oximetry
B. Fetal echocardiogram
C. Fetal electrocardiogram
D. Fetal heart rate monitor

22. Survivors of twin-twin transfusion syndrome 
(TTTS)  are most likely to develop what kind of 
complications?

A. Cerebral palsy
B. Tetralogy of Fallot
C. Gastroschisis
D. Necrotizing enterocolitis

23. Which of the following fetal diseases would be 
most likely to benefit from ex utero intrapartum treat-
ment (EXIT) to extracorporeal membrane oxygenation 
(ECMO) management?

A. Congenital diaphragmatic hernia
B. Sacrococcygeal teratomas
C. Tracheoesophageal fistula
D. Gastroschisis
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24. Which of the following fetuses is eligible for EXIT 
to ECMO management?

A. 28-week gestational age, 1.5 kg, sacrococcygeal 
teratoma (SCT)

B. 32-week gestational age, 2.5 kg, total anomalous 
pulmonary venous return (TAPVR)

C. 37-week gestational age, 4 kg, cervical teratomas
D. 31-week gestational age, 3.5 kg, myelomeningocele

25. A  parturient with a fetal goiter is scheduled for 
EXIT procedure and is seeing you for a preoperative 
evaluation. Which of the following information is most 
likely to help in predicting uterine irritability for the 
surgery?

A. Fetal weight
B. History of preterm labor
C. History of acetylcholineesterase deficiency
D. Oligohydramnios requiring amniotransfusion
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C H A P T E R   12  A N S W E R S

1. ANSWER: A

Uterine rupture is a rare and emergent complication of 
childbirth with an incidence of 0.03%–0.06%. However, 
the risk increases significantly with patients who have had a 
previous cesarean section with a trial of labor compared 
with an elective repeat cesarean section. Other risk factors 
that also increase the risk of uterine rupture include mal-
presentation and labor dystocia.

Traditional presentation of uterine rupture includes 
sudden tearing abdominal pain, vaginal bleeding, recession 
of fetal presentation, and fetal distress. Modern studies, 
however, show that the majority of these signs and symp-
toms may not be the most accurate in quickly diagnosing 
uterine rupture. Prolonged fetal deceleration or fetal 
bradycardia does have the highest incidence of association 
with uterine rupture.

This patient has multiple risk factors for uterine rupture 
and should have been scheduled as a cesarean section. Most 
concerning is the previous uterine incision made from the 
EXIT procedure. Low-lying anterior placenta with a large 
neck mass would make it almost impossible to utilize a low 
transverse incision, thus placing the patient in a high-risk 
category for subsequent uterine rupture. The clinical pre-
sentation with fetal bradycardia on fetal heart tracing con-
firms that immediate transfer to the operating room for 
cesarean section is needed.

Placenta previa is an obstetrical complication where 
the placenta grows on the lower portion of the uterus and 
covers the cervix. Symptoms associated with this include 
painless bleeding and some cramping. Diagnosis is from 
imaging with either transvaginal ultrasound or transab-
dominal ultrasound. Parturients will often times require 
scheduled cesarean section if the os and placenta are too 
close. Os-to-placenta edge distance greater than 2 cm can 
be considered for trial of labor. Neuraxial anesthesia is con-
sidered safe for placenta previa patients. Even though the 
risk of placenta previa correlates directly with the number 
of previous cesarean sections, it is not the most likely choice.

Umbilical cord prolapse is when the cord descends 
into the cervix with the presenting fetal head either next 
to or above it. It is considered a life-threatening condition 
where umbilical blood flow to the fetus is compromised 
and an emergency cesarean section or vaginal delivery 
within 20–30 minutes is indicated to prevent fetal acidosis 
and death. Risk factors for cord prolapse include multiple 
births in one pregnancy, premature rupture of membranes, 
long umbilical cord, breech position, and polyhydramnios. 
Clinical presentation may occur with no symptoms and 
normal fetal heart tracing. Diagnosis is determined by vagi-
nal examination.

Epidural placement is not associated with an 
increased risk of emergent cesarean sections. However, 
administration of local anesthetics in the epidural space 

does block sympathetic nerve fibers in the preganglionic 
region, resulting in vasodilation. This may cause a reduction 
in uteroplacental perfusion, leading to fetal hypoxia and 
bradycardia. Early administration of vasopressors such as 
ephedrine or phenylephrine is indicated. Clinical presenta-
tion of sudden pain and increased vaginal bleeding are not 
associated with epidural-induced hypotension.

K E Y FAC T S

• Uterine rupture is a rare and emergent complication of 
childbirth with an incidence of 0.03%–0.06%.

• The risk increases significantly with patients who have 
had a previous cesarean section with a trial of labor 
compared with an elective repeat cesarean section.

• Other risk factors that also increase the risk of  
uterine rupture include malpresentation and labor 
dystocia.

• Traditional presentation of uterine rupture includes 
sudden tearing abdominal pain, vaginal bleeding, 
recession of fetal presentation, and fetal distress.

• Prolonged fetal deceleration or fetal bradycardia does 
have the highest incidence of association with uterine 
rupture.

• Placenta previa is an obstetrical complication where the 
placenta grows on the lower portion of the uterus and 
covers the cervix.

• Symptoms associated with placenta previa include 
painless bleeding and some cramping.

• Umbilical cord prolapse is when the cord descends into 
the cervix with the presenting fetal head either next to 
or above it.

• Epidural placement is not associated with an increased 
risk of emergent cesarean sections.
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2. ANSWER: B

Despite improving technology, routine prenatal screen-
ing for fetal anomalies at the earliest occurs between 16 
and 24 weeks, so intervention would have to be after the 
diagnosing time period. Fetal intervention is more likely 
to occur at gestational ages of 20–29 weeks.

Current postnatal surgical management for hypoplastic 
left heart syndrome usually requires a three-stage operation 
to correct the imbalance of deoxygenated and oxygenated 
blood flow to and from the heart. Other options include a 
heart transplant or a hybrid procedure. In the first stage of 
the hybrid procedure, band are placed around the pulmo-
nary arteries to restrict their blood flow, the patent ductus 
arteriosus (PDA) is stented open, and a balloon atrial sep-
tostomy is carried out if there is not a large enough atrial 
septal defect. In the second stage of the hybrid procedure, 
the PDA stent and pulmonary artery bands are removed. 
Then, the aortic arch is reconstructed and the superior vena 
cava is connected to the pulmonary artery (Glenn shunt, see 
below). The final stage of the hybrid procedure is a Fontan 
procedure (see below).

Stage 1: Norwood Procedure

Occurs during the first 2 weeks of life. This proce-

dure reconstructs the aorta and connects it to the 

right ventricle for systemic blood flow distribution. 

Either a modified Blalock-Taussig (subclavian artery 

to pulmonary artery conduit) or a Sano shunt (right 

ventricle to pulmonary artery conduit) is performed 

to provide pulmonary blood flow. Atrial septectomy 

is performed to mix the systemic and pulmonary 

venous return and thus oxygen saturation for the 

neonate will remain low. This procedure has by far 

the highest risk of postsurgical mortality among the 

three stages with a national average of 24%.

Stage 2: Bidirectional Glenn Procedure

Occurs between 4 to 12 months of life. At this age the 

patient will outgrow the pulmonary supply provided 

by the Blalock-Taussig/Sano shunt. This shunt is 

ligated and disconnected from the pulmonary artery. 

The superior vena cava is subsequently connected 

to the pulmonary artery. This procedure has a 2.7% 

postsurgical mortality rate.

Stage 3: Fontan Procedure

Occurs between 18 months and 3 years of age. This 

procedure connects the inferior vena cava to the 

pulmonary artery through either a lateral tunnel in 

the right atrium or through an extracardiac graft. 

A  fenestration in the tunnel is placed as a pop-off 

valve for venous blood to the left side if there are 

high right-sided pressures. At this time the systemic 

and pulmonary venous circulations are completely 

separate. This procedure has a 3%–3.2% postsurgical 

mortality rate.

Without intervention, evolving HLHS with aortic stenosis 
will subsequently lead to diminished blood flow to the left 
heart and an arrest of left ventricular growth. It is hypoth-
esized that fetal intervention will allow the left heart to be 
conditioned so that they can avoid a single ventricle physiol-
ogy. In a study done at Boston Children’s Hospital in 2004, 
out of 24 fetuses with HLHS and AS, 4 declined treatment 
and 14 of them had technically successful balloon dila-
tion. Of these 14, 3 had two-ventricle physiology, 2 had 
two-ventricle physiology after subsequent cardiac surgery, 2 
died post procedure, and the last 7 developed HLHS. All of 
the fetuses that did not undergo the procedure had halted 
left ventricular growth and developed HLHS.

Local anesthesia, monitored anesthesia care, regional 
neuraxial blockade, and general anesthesia can all be used 
for fetoscopic surgery. General anesthesia has many advan-
tages, including airway protection for the mother, haloge-
nated inhaled gases providing uterine relaxation and fetal 
anesthesia, and narcotics that readily pass through the 
placenta. The major drawback is if there is difficulty with 
maternal intubation. Neuraxial blockade does not help 
with uterine relaxation and does not provide the fetus with 
anesthesia or analgesia.

K E Y FAC T S

• Routine prenatal screening for fetal anomalies occurs 
between 16 and 24 weeks, so fetal intervention is more 
likely to occur at gestational ages of 20–29 weeks.

• Current postnatal surgical management for hypoplastic 
left heart syndrome requires a three-stage operation to 
correct the imbalance of deoxygenated and oxygenated 
blood flow to and from the heart.
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3. ANSWER: B

Fetal myocardium operates along a narrow portion of the 
ascending limb of the Frank-Starling curve and is unable 
to efficiently increase stroke volume above a certain end 
diastolic volume load. Thus, heart rate is vital to maintain 
cardiac output. A heart rate of 90 bpm is considered fetal 
bradycardia and requires immediate intervention since car-
diac output is not being maintained. Fetal bradycardia can 
be caused by fetal hypoxia. Most likely fetal bleeding dur-
ing the surgery led to a dramatic drop in oxygen-carrying 
capacity, which is causing the worsening of fetal acidosis and 
bradycardia. Immediate transfusion of O-irradiated blood is 
the most appropriate first response. This blood type is chosen 
to avoid ABO incompatibility, prevent maternal sensitiza-
tion to Rh protein, and prevent transfusion-associated graft 
versus host secondary to the fetus’s undeveloped immune 
system. Administration of 1–2 µg/kg IC/IM of epinephrine 
would also be appropriate but would only be a short-term fix 
until volume resuscitation occurs.

Fetal oxygenation is dependent on effective mater-
nal oxygenation to promote healthy uteroplacental gas 
exchange. In general, during fetal interventions, maternal 
oxygenation is maxed at 100% in the hopes that it will opti-
mize oxygen delivery to the fetus. Dildy et al. noted that in 
a study of 20 healthy parturients, maternal oxygenation of 
100% for 20 minutes showed significant increases in fetal 
SpO

2
. In contrast, lower concentrations of oxygen did not 

show any improvement in fetal oxygenation. Another way 
fetal oxygenation can be optimized is through increases in 
uterine perfusion pressures or decreases in uterine vascu-
lar resistance to improve uterine flow. Increasing maternal 
mean arterial pressure by 25% above awake baseline and/
or administering medications that cause uterine relaxation 
can improve fetal oxygenation. Neither of these maneu-
vers, however, significantly improves the fetus’s ability to 
increase oxygen-carrying capacity.

Fetoscopic surgery’s most common complication is 
preterm premature rupture of membranes (PPROM). 
PPROM incidence for a single-port fetoscopic procedure 
can be as high as 5%–10% and even higher if multiple ports 
are used. Other complications of fetoscopy include chori-
onic membrane separation, preterm labor, and chorioamni-
onitis. Preterm labor must be prevented at all costs because 
fetoscopic intervention usually occurs at gestational ages 
that are either noncompatible with life or associated with 
high morbidity. Fortunately, fetoscopic surgery has a sig-
nificantly lower risk for premature contractions and labor 
compared to open hysterotomy. This is supported by the 
decreased requirements of tocolytics needed for fetoscopic 
surgery. Fetoscopic cardiac intervention for Tetralogy of 
Fallot with pulmonary atresia that leads to emergent or 
unexpected delivery will ultimately lead to fetal demise 
since prenatal intervention usually occurs between 20 and 
29 weeks gestation.

K E Y FAC T S

• Fetal myocardium operates along a narrow portion of 
the ascending limb of the Frank-Starling curve and 
is unable to efficiently increase stroke volume above a 
certain end diastolic volume load.

• Fetal heart rate is vital to maintain cardiac output.
• A heart rate of 90 bpm is considered fetal bradycardia 

and requires immediate intervention since cardiac 
output is not being maintained.

• Fetal bradycardia can be caused by fetal hypoxia.
• Fetoscopic surgery’s most common complication 

is PPROM.
• Other complications of fetoscopy include 

chorionic membrane separation, preterm labor, and 
chorioamnionitis.
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4. ANSWER: B

Pulmonary atresia with intact ventricular septum 
(PA-IVS) is a right-sided heart defect that leads to hypoplas-
tic right ventricles. This cardiac defect can progress to fetal 
hydrops and death. Prenatal interventions of pulmonary 
valvuloplasty can lead to improved fetal hemodynamics, 
continued right ventricle development, and subsequent 
biventricular circulation. Unfortunately, prenatal interven-
tions will usually require further postnatal valvuloplasties. 
Restenosis of the pulmonary valve is almost inevitable, 
but prenatal dilation may provide the fetus time it needs 
to extend pregnancy and further develop vital premature 
organs.

Fetoscopic surgery’s most common complication 
is preterm premature rupture of membranes (PPROM). 
PPROM incidence for a single-port fetoscopic procedure 
can be as high as 5%–10%. With the addition of multiple 
fetal ports or multiple puncture attempts, the risk can go 
as high as 60%. Unfortunately with amniotic membrane 
puncture during fetoscopic placement, the wound does 
not close by itself, which is why they are at high risk for 
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membrane rupture and amniotic fluid leak. Attempts to 
reduce PPROM rates by using collagen plugs to seal off 
fetoscopic-made holes have been unsuccessful. Engels et al. 
showed that out of 141 patients that underwent CDH feto-
scopic surgery, 48% of patients who received a collagen plug 
had PPROM compared with 39% when no intervention 
was used.

Fetoscopic surgery compared with open hysterot-
omy has an overall lower risk of contractions and prema-
ture labor. The larger the hysterotomy, the more risk there 
is of uterine contractions and preterm labor. Thus, tocolytic 
requirements are in general lower for fetoscopic surgery.

Access to the fetus is obviously limited during fetoscopic 
surgery. Often, echocardiography is the only monitor-
ing device. This monitor provides accurate time-sensitive 
readings of the fetal heart rate, rhythm, cardiac function, 
and volume status. ECG monitoring is impossible because 
placements through the small ports are impractical. Even 
during open fetal surgery, fetal ECG monitoring is difficult 
because of the surrounding amniotic fluid that disperses the 
reading. The same is true with fetal pulse oximetry where 
placement for fetoscopic surgery is impractical and accu-
rate readings require immobility and an aluminum cover-
ing to prevent penetration from outside light. Intermittent 
follow-up with ultrasonography and fetal heart rate moni-
tors is performed in the postoperative setting.

K E Y FAC T S

• PA-IVS is a right-sided heart defect that leads to 
hypoplastic right ventricles.

• Prenatal interventions of pulmonary valvuloplasty can 
lead to improved fetal hemodynamics, continued right 
ventricle development, and subsequent biventricular 
circulation.

• Fetoscopic surgery’s most common complication 
is PPROM.

• Fetoscopic surgery compared with open hysterotomy 
has an overall lower risk of contractions and 
premature labor.

• Access to the fetus is obviously limited during fetoscopic 
surgery, and often, echocardiography is the only 
monitoring device.

• Intermittent follow-up with ultrasonography and fetal 
heart rate monitors is performed in the postoperative 
setting.
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5. ANSWER: B

Myelomeningocele is a defect in the spine with a lesion 
that contains cerebrospinal fluid and neural tissue. It is 
often associated with hydrocephalus and Arnold Chiari 
malformations. Live born newborns have a 10% mortality 
rate and oftentimes will have long-term neurological defi-
cits, including paralysis and bladder and bowel dysfunction. 
Postnatal surgery is required within the first 48 hours 
of birth, often requiring a ventriculoperitoneal shunt. 
Myelomeningocele can often be diagnosed prenatally on 
ultrasound, allowing them the opportunity for an EXIT 
procedure repair. Adzick et  al. compared prenatal and 
postnatal surgical management of 183 patients with myelo-
meningocele. The randomized control trial showed equiva-
lent rates of mortality with both groups having 2 deaths. 
The prenatal group, however, had significantly lower rates 
of ventriculoperitoneal shunt requirements (40% vs. 82%) 
and moderate to severe hindbrain herniation (25% vs. 67%) 
at 12  months follow-up. They also had improved mental 
and motor function at 30 months follow-up. The prenatal 
group, however, had higher fetal and maternal morbidity 
rate, including preterm labor (34.1 weeks vs. 37.3 weeks ges-
tation), uterine dehiscence/rupture, chorioamniotic separa-
tion, placenta abruption, and pulmonary edema.

Pyloric stenosis initially presents early after birth with 
nonbilious projectile vomiting. It is a result of hypertro-
phied pyloric muscles leading to gastric outlet obstruction. 
Pyloric stenosis does not require an emergent surgical inter-
vention. Medical management to optimize infant volume 
status and correct electrolytes imbalances should be com-
pleted first in addition to diagnostic imaging to determine 
whether there are associated genetic abnormalities.

Hypoplastic left heart syndrome involves an underde-
veloped aorta, left ventricle, or valves, which prevents the 
adequate systemic oxygenation of the newborn. Current 
postnatal intervention would require multiple-staged car-
diac surgeries that involve switching a normal two-ventricle 
system to a right ventricle (single-ventricle system) that pro-
vides all of the energy for forward blood flow. Subsequent 
cardiac procedures are based on the fetal pulmonary 
development and ability to handle pulmonary blood flow. 
Early prenatal diagnosis allows the potential for fetoscopic 
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intervention to dilate the obstruction and improve chances 
of prenatal left ventricle development.

TTTS is a pathologic process where an imbalance of 
blood flow between monochorionic twins leads to a donor 
and a recipient twin. The donor twin will subsequently have 
lower blood flow, decreased growth and development, oligo-
hydramnios, and decreased urine output. The recipient twin 
will have the opposite problem with hypervolemia, polyuria, 
polyhydramnios, and congestive heart failure. Fetoscopic laser 
photocoagulation of the communicating vessels can stop the 
worsening of circulatory imbalance, and potentially improve 
survival rates while reducing neurological complication rates.

K E Y FAC T S

• Myelomeningocele is a defect in the spine with a lesion 
that contains cerebrospinal fluid and neural tissue. It is 
often associated with hydrocephalus and Arnold Chiari 
malformations.

• Postnatal surgery is required within the first 48 hours of 
birth oftentimes requiring a ventriculoperitoneal shunt.

• Myelomeningocele can often be diagnosed prenatally on 
ultrasound, allowing them the opportunity for an EXIT 
procedure repair.

• Pyloric stenosis initially presents early after birth with 
nonbilious projectile vomiting.

• Hypoplastic left heart syndrome involves an 
underdeveloped aorta, left ventricle, or valves, which 
prevents the adequate systemic oxygenation of the 
newborn.

• TTTS is a pathologic process where an imbalance of 
blood flow between monochorionic twins leads to a 
donor and a recipient twin.
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6. ANSWER: D

Noah et al. (2002) compared short-term maternal outcomes 
in patients who underwent EXIT procedure (n = 34) versus 

nonlaboring elective cesarean section (n = 52). They found 
that there was no difference between the groups in regard 
to postpartum hospital stay, postoperative hematocrit level 
change, and rates of chorioamnionitis and endometritis. 
The EXIT arm did have more postpartum wound com-
plications (15% vs. 2%) and a higher estimated blood loss 
(1104 mL vs. 883 mL).

The majority of cesarean sections are performed 
with a neuraxial anesthetic in the effort to avoid instru-
menting the airway. Narcotics and benzodiazepines 
are often avoided until after the delivery to reduce fetal 
respiratory depression. Medications such as oxytocin, 
methylergonovine, and carboprost are used to promote 
uterine contractions after delivery of the baby to reduce 
maternal hemorrhage. The EXIT procedure has differ-
ent anesthetic goals than a cesarean section and thus the 
anesthetic is often quite different. Maximal uterine relax-
ation is needed to get the fetal head, shoulder, and large 
neck mass out of the uterus and to prevent fetal expul-
sion during the EXIT procedure. General anesthesia 
works well for these goals with halogenated anesthetics 
(sevoflurane, isoflurane, desflurane) run at minimum 
alveolar concentrations greater than 2. Halogenated gases 
also diffuse easily through the placental barrier and pro-
vide effective fetal anesthesia for the surgery. The same is 
true with the administration of narcotics to blunt the neu-
roendocrine response of the fetus. It is important to note 
that high doses of anesthesia gases will increase the risks of 
maternal hemorrhage and hypotension, resulting in fetal 
hypoxia. Invasive blood pressure monitoring and vasopres-
sors should be readily available. Neuraxial anesthesia may 
also be used for EXIT procedures, but the anesthesiologist 
must be aware that uterine relaxation and fetal anesthe-
sia and analgesia will not be covered with an epidural 
or spinal. Other medications that effectively reduce uter-
ine contractions include nitroglycerin, magnesium, cal-
cium channel blockers, and beta2 agonists.

During a cesarean section, it is common for obstetricians 
to use a low transverse hysterotomy to quickly get access to 
the baby. This technique also heals better and potentially 
leads to a lower risk of future uterine complications. Even if 
a low anterior placenta is noted on ultrasound, an obstetri-
cian could safely cut through the placenta as long as he or 
she is able to get the baby out of the uterus quickly. With 
the EXIT procedure, a low anterior placenta would 
require a different suboptimal incision to safely extract 
the fetus and maintain uteroplacental exchange. This 
has significant implications for the uterine patency with 
subsequent manipulations and pregnancies.

K E Y FAC T S

• The majority of cesarean sections are performed with a 
neuraxial anesthetic in the effort to avoid instrumenting 
the airway.
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• Narcotics and benzodiazepines are often avoided during 
cesarean sections until after the delivery to reduce fetal 
respiratory depression.

• Medications such as oxytocin, methylergonovine, and 
carboprost are used to promote uterine contractions 
after delivery of the baby to reduce maternal 
hemorrhage.

• The EXIT procedure has different anesthetic goals than 
a cesarean section and thus the anesthetic is often quite 
different.

• Maximal uterine relaxation is needed to get the fetal 
head, shoulder, and large neck mass out of the uterus and 
to prevent fetal expulsion during the EXIT procedure.

• During an EXIT procedure, uterine relaxation and fetal 
anesthesia and analgesia will not be covered with an 
epidural or spinal.

• With the EXIT procedure a low anterior placenta would 
require a different suboptimal incision to extract the 
fetus safely and to maintain uteroplacental exchange.
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7. ANSWER: B

Maternal blood and fetal blood do not normally mix 
because of the placental barrier. Fetal blood flows through 
the chorionic villi, while the maternal blood flows through 
the intervillus space. The majority of drugs that enter the 
maternal bloodstream will be transferred to the fetus. The 
actual amount that makes it to the fetus, however, may 
be clinically insignificant depending on its ability to get 
through the placental barrier. Adequate uterine blood flow 
will determine the rate at which maternal drugs get to the 
placenta. Afterward, the mechanisms with which drugs 
transfer across the placenta include simple diffusion, 
active diffusion, facilitated diffusion, phagocytosis, 
and pinocytosis. The majority of maternal drug transfers 
will be through simple diffusion. Simple diffusion through 

partial pressure gradients is also how oxygen and carbon 
dioxide are exchanged across the placenta.

Fick’s law of diffusion states that the rate of transfer 
will correlate directly with concentration gradients and 
surface area but inversely with diffusion distance. Other 
variables affecting diffusion are based on the physical and 
chemical characteristics of the drug. Larger molecular 
weights, protein-bound, more highly ionized, and increased 
hydrophilic states will make it more difficult for a drug to 
pass through the placental barrier. Simple diffusion requires 
no energy to move across the placental barrier. This barrier 
includes syncytiotrophoblast, cytotrophoblast, connec-
tive tissue, and endothelium. This barrier actually evolves 
throughout the pregnancy with reductions in thickness as 
the fetus gets older. The surface area also increases as the 
fetus weight increases. Thus, simple diffusion transfer of 
drugs becomes easier as the fetus becomes closer to term.

Inhaled agents readily pass through the placenta sec-
ondary to high lipid solubility and small molecular weight. 
Induction agents also easily pass through the placenta 
because of high lipid solubility and a nonionized state during 
physiologic pH. Both depolarizing and nondepolarizing 
neuromuscular blocking drugs are quaternary ammo-
nium salts, which make them highly ionized at physiologic 
pH and unable to pass efficiently into the fetal circulation. 
Narcotics in general pass freely into the fetal circulation 
because of high lipid solubility and low molecular weight. 
Morphine is hydrophilic but utilizes active placenta trans-
fer. Benzodiazepines are highly nonionized and lipid solu-
ble with a high placental transfer. Anticholinergics such 
as atropine and scopolamine are tertiary amines and easily 
cross through the placental barrier because of its nonion-
ized state. Glycopyrrolate is a quaternary ammonium salt 
and has minimal fetal blood access. Acetylcholine esterase 
inhibitors such as neostigmine are highly ionized because 
they are quaternary ammonium salts and have limited 
transfer. (See Table 12.1.)

K E Y FAC T S

• Maternal blood and fetal blood do not normally mix 
because of the placental barrier.

• Fetal blood flows through the chorionic villi while the 
maternal blood flows through the intervillus space.

• The majority of drugs that enter the maternal 
bloodstream will be transferred to the fetus.

• The mechanisms with which drugs transfer across the 
placenta include simple diffusion, active diffusion, 
facilitated diffusion, phagocytosis, and pinocytosis.

• Fick’s law of diffusion states that the rate of transfer 
will correlate directly with concentration gradients and 
surface area but inversely with diffusion distance.

• Both depolarizing and nondepolarizing neuromuscular 
blocking drugs are quaternary ammonium salts, which 
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make them highly ionized at physiologic pH and unable 
to pass efficiently into the fetal circulation.
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8. ANSWER: A

Fetal oxygenation depends on maternal oxygenation con-
tent and the ability to deliver this oxygen with adequate 
blood flow to the uteroplacental circulation. Maternal 
blood perfusion is therefore an important factor, so 
maternal blood volume must be maintained to supply the 
uterus. Maternal hemorrhage would adversely affect fetal 
oxygenation and require emergent transfusion. Aortocaval 
compression from the uterus could hinder uterine arterial 
blood flow and systemic venous return to the heart. Left 
uterine displacement is the common maternal position 
to avoid great vessel compression. Uterine contractions 
can also reduce uterine blood flow, and thus tocolytics 
can improve uterine perfusion. Uterine incision will also 
dramatically reduce uteroplacental blood flow, although 
it is important to note that fetoscopic procedures do not. 
Anesthetic medications can also reduce uteroplacental 
blood flow by causing hypotension. Epidural boluses and 
volatile agents are just a couple of examples of anesthetics 

that can decrease uterine perfusion. Both ephedrine and 
phenylephrine can be used effectively to counter these 
effects to the maternal blood pressure without further 
reducing uteroplacental flow.

From the fetal perspective, umbilical blood flow is 
essential for proper fetal oxygenation. Any procedures 
and manipulation off the umbilical vessels can cause vaso-
spasm, leading to a significant decrease in fetal oxygenation. 
Huge shifts in amniotic fluid can also cause problems. 
Oligohydramnios can lead to the kinking of the umbilical 
cord, whereas polyhydramnios can increase amniotic pres-
sure, impairing uteroplacental perfusion. Reduced fetal 
cardiac output or hemoglobin concentration will also 
cause significant problems. The fetus is unable to increase 
cardiac stroke volume well but is able to counter decreases 
in cardiac output with increases in heart rate.

Adequate maternal and fetal pain management 
during any procedure is essential because pain will cause 
increases in catecholamine release. Elevated circulating 
stress hormones result in two main problems for a fetus. 
First, placental vascular resistance increases, making it 
more difficult for fetal perfusion. Second, increases in stress 
hormones can lead to increases in progesterone, which 
will increase intracellular calcium, leading to elevated risk 
in preterm labor. Anand et al. studied 45 neonates sched-
uled for cardiac surgery and placed them in either a deep 
anesthesia arm (sufentanil) or a lighter sedation arm (mor-
phine). The study was small, but deep anesthesia groups had 
fewer incidences of sepsis, metabolic acidosis, disseminated 
intravascular coagulation, and deaths. The lighter sedation 
arm had higher incidence of hyperglycemia and lactic aci-
demia. Other studies have shown that administration of 
narcotics for intubated neonates reduced heart rates, stress 
hormones, and episodes of hypoxia. Without proper pain 
management, increases in the morbidity and mortality 
of the fetus are possible.

Table 12 .1 DOCUMENTED FETAL/MATER NAL R ATIOS OF SELECTED DRUGS

DRUG

FETAL/M ATER NAL 

R ADIO DRUG

FETAL/M ATER NAL 

R ATIO

Nitrous oxide 0.85 Dexmedetomidine 0.84

Isoflurane 0.71 Alfentanil 0.3

Etomidate 0.04–0.5 Fentanyl (epidural) 0.37–0.94

Ketamine 1.2 Merperidine 1.0

Propofol (bolus) 0.22–0.7 Morphine 0.61

Propofol (infusion) 0.5–0.76 Reminfentanil 0.73–0.88

Thiopental 0.37–1.08 Sufentanil 0.81

Diazepam 0.57–2.0 Ephedrine 0.7–1.13

Lorazepam 1.0 Phenylephrine 0.7

Midazolam 0.62

SOURCE: Suresh MS, Segal BS, Preston R, Fernando R, Mason CL. Shnider and Levinson’s Anesthesia for 
Obstetrics. 5th ed. Philadelphia, PA: Lippincott, Williams, & Wilkins; 2012:787, Table 49-4.
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K E Y FAC T S

• Fetal oxygenation depends on maternal oxygenation 
content and the ability to deliver this oxygen with 
adequate blood flow to the uteroplacental circulation.

• Maternal blood perfusion is therefore an important 
factor, so maternal blood volume must be maintained to 
supply the uterus.

• From the fetal perspective umbilical blood flow is 
essential for proper fetal oxygenation.

• The fetus is unable to increase cardiac stroke volume well 
but is able to counter decreases in cardiac output with 
increases in heart rate.

• Adequate maternal and fetal pain management during 
any procedure is essential because pain will cause 
increases in catecholamine release.

• Without proper pain management, increases in the 
morbidity and mortality of the fetus are possible.
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9. ANSWER: B

Fetal anesthesia for either fetoscopic procedures or 
an EXIT procedure may include placental transfer from 
maternal volatile anesthetics and narcotics or a direct fetal 
intravenous/intramuscular injection of muscle paralytics, 
narcotics, and anticholinergics. Neuraxial anesthesia is 
only effective for the mother and does not provide fetal 
anesthesia or analgesia.

It was not too long ago that neonates, much less fetuses, 
were considered incapable of feeling pain, and anesthesia 
for painful procedures was not recommended. Fetal con-
sciousness of pain continues to be a controversial topic with 
far-reaching medical, ethical, and political implications. 
What is known for sure is that there are a multitude of 
reasons to administer anesthetics for the fetus during sur-
gery. Failure to do so could lead to poor outcomes for 
the fetus.

The fetal physiological response to pain begins 
as early as 16 to 24 weeks gestation, and normal EEG 
readings can begin in neonates as early as 24 weeks. 
Neurodevelopment of pain pathways that connect to the 

cortical regions can start as early as 16 to 24 weeks gesta-
tion. It is during this time period that the fetus is capable 
of responding to noxious stimuli, which leads to increased 
plasma levels of stress hormones and localized inflam-
mation. This noxious stimulus has the potential to alter 
neurological development involving the fetus’s perception 
to pain and even possibly changing behavioral patterns in 
the future. Without proper fetal anesthetics for surgery, ele-
vated stress hormones are released that can lead to changes 
in the placenta that increase fetal estrogen and progesterone 
levels, which will ultimately lead to increased uterine con-
tractility and subsequent preterm labor. Analgesics such 
as narcotics have been shown to blunt the hormonal stress 
response to pain.

Unfortunately, administration of fetal anesthetics does 
not come without potential side effects. Maintaining mater-
nal oxygenation and uteroplacental perfusion is necessary 
for fetal well-being. Maternal hypercapnia, hyperventi-
lation, hypotension, and hypoxemia must be avoided 
because they can all affect fetal perfusion. When vola-
tile anesthetics are used to provide anesthesia for the fetus 
and mother, a secure airway is desired to prevent aspiration 
risk and other pulmonary complications. Vasopressors such 
as ephedrine or phenylephrine should be readily available 
in case of maternal hypotension secondary to drops in sys-
temic vascular resistance from volatile anesthetics. High 
doses of volatile anesthetics for uterine relaxation can also 
cause a depression in the fetal cardiovascular system, result-
ing in fetal acidosis. Systemic narcotics and induction 
agents can cause a decrease in fetal heart variability 
but will not cause fetal acidosis as long as normal maternal 
hemodynamics are maintained.

K E Y FAC T S

• Fetal anesthesia for either fetoscopic procedures or an 
EXIT procedure may include placental transfer from 
maternal volatile anesthetics and narcotics or a direct 
fetal intravenous/intramuscular injection of muscle 
paralytics, narcotics, and anticholinergics.

• Neuraxial anesthesia is only effective for the mother and 
does not provide fetal anesthesia or analgesia.

• Failure to administer anesthetics for the fetus during 
surgery can lead to poor fetal outcomes.

• The fetal physiological response to pain begins as early as 
16 to 24 weeks gestation, and normal EEG readings can 
begin in neonates as early as 24 weeks.

• This noxious stimulus has the potential to alter 
neurological development evolving the fetus’s perception 
to pain and even possibly changing future behavioral 
patterns.

• Maternal hypercapnia, hyperventilation, hypotension, 
and hypoxemia must be avoided because they can all 
affect fetal perfusion.
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• Systemic narcotics and induction agents can cause a 
decrease in fetal heart variability but will not cause fetal 
acidosis as long as normal maternal hemodynamics are 
maintained.

R E F E R E N C E S

Lee SJ, Ralston HJ, Drey EA, Partridge JC, Rosen MA. Fetal pain: a 
systematic multidisciplinary review of the evidence. JAMA. 
2005;294(8):947–54.

Myers LB, Bulich LA. Anesthesia for Fetal Intervention and Surgery. 
Hamilton, ON: BC Decker; 2005:7–11.

Van de Velde M, De Buck F. Fetal and maternal analgesia/anesthesia for 
fetal procedures. Fetal Diagn Ther. 2012;31(4):201–9.

10. ANSWER: A

Understanding of consciousness will often coincide with the 
understanding of how anesthesia is able to provide amne-
sia, immobility, and suppress states of awareness. There are 
multiple theoretical interrelated pathways as to how human 
consciousness exists. The ascending reticular activating 
system (ARAS) is central to this and contains several neu-
ronal networks that connect the brainstem to the cortex. It 
is responsible for receiving sensory spinal information and 
distributing it to the thalamus and ultimately to the cor-
tex for processing. It is theorized that anesthetics work 
by initially depressing the ARAS, which sets off a neuro-
physiologic cascade that ultimately depresses the prefrontal 
cortex and thus states of awareness. Determination of fetal 
ability to process painful stimuli will start with the devel-
opment of the neuroanatomical development of the spino-
thalamocortical pathways.

The spinothalamocortical circuits start off with the 
perception of pain through peripheral cutaneous sensory 
receptors. These afferent fibers synapse on the dorsal root 
ganglion and cross over the midline of the spinal cord. The 
axons ascend through the ARAS toward the thalamus, 
where they eventually project to the cerebral cortex for 
pain perception. It is through this connection that pain is 
formally perceived. The development of the pain pathway 
starts as early as 8–15 gestational weeks when peripheral 
cutaneous sensory receptors are developed. The spinal reflex 
arc for pain and the dorsal root ganglion do not develop 
until 8 and 19 gestational weeks, respectively. Thalamic 
afferents to the cortical plate are developed at 23–24 ges-
tational weeks. And lastly, cortical function with detected 
somatosensory evoked potentials and meaningful EEG pat-
terns starts around 29–30 weeks.

Behavioral studies are used to determine if a fetus 
can perceive pain based on withdrawal reflexes and facial 
expressions. This is controversial because reflex withdrawal 
arcs to pain do not require cortical input. It is also uncertain 

that triggering a withdrawal reflex from an immature fetus 
proves that he or she is experiencing pain because neonates 
often activate their withdrawal reflex to nonpainful stimuli. 
Facial movements that mimic adult pain occur at weeks 
28–30 post-conceptual age (PCA).

EEG is a measurement of synaptic potential of cortical 
neurons. Neonates can have normal EEG readings as early 
as 24 weeks PCA. Another consideration with EEG read-
ings is that “wakefulness” is required to prove conscious 
pain perception since it is a reflection of brainstem and tha-
lamic communication with the cerebral cortex. This occurs 
in preterm neonates no earlier than 30 weeks PCA.

Intrauterine needling of intrahepatic veins has been 
shown to increase fetal plasma concentrations of cortisol, 
beta-endorphin, and noradrenaline as early as 18 weeks ges-
tational age. Administration of narcotics has been proven 
to blunt this response and reduce stress hormones.

K E Y FAC T S

• It is theorized that anesthetics work by initially 
depressing the ARAS, which sets off a neurophysiologic 
cascade that ultimately depresses the prefrontal cortex 
and thus states of awareness.

• Administration of narcotics has been proven to blunt 
the fetal stress response and reduce stress hormones.

• Facial movements that mimic adult pain occur at weeks 
28–30 PCA.

R E F E R E N C E S

John ER, Prichep LS. The anesthetic cascade: a theory of how anesthesia 
suppresses consciousness. Anesthesiology. 2005;102(2):447–71.

Lee SJ, Ralston HJ, Drey EA, Partridge JC, Rosen MA. Fetal pain: a 
systematic multidisciplinary review of the evidence. JAMA. 
2005;294(8):947–54.

Myers LB, Bulich LA. Anesthesia for Fetal Intervention and Surgery. 
Hamilton, ON: BC Decker; 2005:7–11.

11. ANSWER: D

Late decelerations with moderate baseline variability are 
considered an ACOG (American College of Obstetricians 
and Gynecologists) category 2 electronic fetal monitoring 
tracing. Category 1 tracings are considered healthy and 
do not require anything more than routine management. 
Category 3 tracings are considered abnormal with a higher 
risk of fetal acidemia and hypoxia. Emergent delivery is 
often necessary. Category 2 tracings require more frequent 
evaluations and surveillance with intrauterine resuscitative 
measures. This includes lateral positioning, maternal oxy-
gen administration, intravenous fluid bolus, vasopressors, 
and reduction of uterine contraction frequency.
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Fetal heart monitors are used to determine if there is 
fetal distress in parturients with high-risk fetuses and/or 
parturients in the laboring process. Despite widespread use, 
fetal heart monitoring has not been shown to reduce peri-
natal mortality or reduce the incidence of cerebral palsy. It 
has, however, led to increased cost of care with increased 
rates of cesarean sections. There are currently two types of 
fetal heart monitors. External monitors are placed on the 
mother’s abdomen and are effective in determining uterine 
contractions and fetal response while being noninvasive. 
Internal monitors require placement of a scalp electrode to 
the fetus’s head and a pressure-sensing catheter to determine 
uterine activity and strength of contraction. The internal 
monitors are more accurate and provide more information 
on the fetus but have the drawback of a higher risk profile 
and a requirement of a ruptured membrane.

Normal fetal heart rates (FHRs) range from 120–160 
beats per minute (bpm). Fetal tachycardia is when the 
heart rate surpasses 160 bpm. Common causes of this 
include maternal fevers, chorioamnionitis, hyperthyroid-
ism, maternal/fetal anemia, and drug side effects (terbu-
taline, atropine). Fetal tachycardia could be a sign of fetal 
distress if it is associated with decreased variability. Fetal 
bradycardia is any heart rate below 120 bpm. Some causes 
include cord compression, cord prolapse, tetanic uterine 
contractions, epidural/spinal anesthesia, congenital heart 
disease, and conduction defects. Severe prolonged brady-
cardia (<80 bpm) signifies severe hypoxia and will require 
emergent delivery or intervention.

Normal FHR fluctuates around a baseline heart rate. 
Variability is a good indicator in fetal nervous and car-
diac system well-being. Fetal hypoxia, congenital cardiac 
anomalies, prematurity, and medications (narcotics, ben-
zodiazepines, magnesium) can cause a flattening of vari-
ability. It can also be benign with fetal quiescence leading 
to nonthreatening diminished variability as long as spon-
taneous recovery of variability occurs after 30 minutes. 
Fetal accelerations, which consist of increases in FHR 
by at least 15 bpm lasting at least 15 seconds, are a sign of 
fetal well-being. Early decelerations show a drop in FHR 
that starts and ends with the uterine contraction. It is often 
an indication of fetal head compression causing a vagal 
response. Late decelerations are a fall in FHR that begins 
at or after the peak of the uterine contraction and ends at 
the end of the contraction. It is associated with uteropla-
cental insufficiency. Variable decelerations are FHR with 
acute falls and variable FHR recovery with no relation to 
uterine contractions. It is associated with compression of 
the umbilical cord.

K E Y FAC T S

• Category 1 tracings are considered healthy and do not 
require anything more than routine management.

• Category 2 tracings require more frequent evaluations 
and surveillance with intrauterine resuscitative 
measures.

• These measures include lateral positioning, maternal 
oxygen administration, intravenous fluid bolus, 
vasopressors, and reduction of uterine contraction 
frequency.

• Category 3 tracings are considered abnormal with a 
higher risk of fetal acidemia and hypoxia. Emergent 
delivery is often necessary.

• FHR variability is a good indicator in fetal nervous and 
cardiac system well-being.

• Fetal hypoxia, congenital cardiac anomalies, 
prematurity, and medications (narcotics, 
benzodiazepines, magnesium) can cause a flattening of 
variability.
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12. ANSWER: C

Preterm labor is defined as labor before 37 weeks of preg-
nancy. It is of particular concern because preterm delivery 
significantly increases the fetal risk of morbidity and 
mortality. Maternal risk factors for preterm labor can 
be categorized by demographics, lifestyle habits, and medi-
cal history. Demographic risks include women who are less 
than 17 and greater than 35 years old, African Americans, 
and lower socioeconomic status women. Working in a 
high-stress environment, being underweight, and being 
involved in tobacco use, alcohol use, and/or illicit drug use 
will also increase risk. Lastly, mothers with a history of in 
vitro fertilization, hypertension, diabetes mellitus, pre-
eclampsia, clotting disorders, sexually transmitted diseases, 
or vaginal/urinary infections will increase the preterm 
labor risk.

The mother’s uterus has multiple types of receptors 
(adrenergic, prostaglandin and oxytocin) whose activation 
can lead to increased intracellular calcium and subsequently 
uterine contractility. Infections, multiple gestations, and 
premature rupture of membranes are the most common 
causes of preterm labor.

Fetal surgery adds another dimension to preterm labor 
risk. Surgery increases the stress levels of the fetus and 
mother in addition to exposing the amniotic membrane 
to risk of rupture or damage. Both of these will lead to an 
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increased chance of premature contractions. Fetoscopic 
surgery has lower tocolytic requirements and a lower rate 
of premature contractions and labor compared to an open 
hysterotomy. Unfortunately, this reduction in risk is offset 
by an elevation in risk of premature rupture of membranes 
and amniotic leak secondary to multiple port placements 
that puncture the amniotic membrane without closure. 
Intraoperative factors that can increase risk of preterm 
labor include polyhydramnios, larger numbers of fetoscopic 
ports, larger uterine incision, longer duration of surgery, and 
membrane closure technique. Postoperative factors include 
premature rupture of membranes, infection, and maternal 
and fetal stress response, which can cause an increase in 
prostaglandins, leading to premature uterine contractions.

There are many classes of medications that can be used 
to prevent uterine contraction and preterm labor. They 
include volatile anesthetics (isoflurane, sevoflurane, 
desflurane), beta2 adrenergics (ritodrine, terbutaline), 
nitrates (nitroglycerin), prostaglandin inhibitors (indo-
methacin), calcium channel antagonists (nifedipine), 
and magnesium. These medications all have a range of 
different mechanisms that ultimately increase the intra-
cellular calcium levels needed for a uterine contraction. 
Medications such as volatile anesthetics and magnesium 
still have unclear mechanisms of action; however, they have 
an established effectiveness as a tocolytic. Unfortunately, all 
of these medications have an extensive list of side effects and 
must be considered before administration.

K E Y FAC T S

• Preterm labor is defined as labor before 37 weeks of 
pregnancy.

• Preterm delivery significantly increases the fetal risk of 
morbidity and mortality.

• Infections, multiple gestations, and premature 
rupture of membranes are the most common causes of 
preterm labor.

• Volatile anesthetics (isoflurane, sevoflurane, desflurane), 
beta2 adrenergics (ritodrine, terbutaline), nitrates 
(nitroglycerin), prostaglandin inhibitors (indomethacin), 
calcium channel antagonists (nifedipine), and 
magnesium can all be used to prevent uterine 
contraction and preterm labor.
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13. ANSWER: B

Volatile anesthetics (isoflurane, sevoflurane, desflu-
rane) cause dose-dependent uterine muscle relaxation. 
MAC levels over 2 will almost completely abolish uter-
ine contractions. At equivalent MAC levels, sevoflurane 
has a greater effect in decreasing the amplitude of uterine 
contraction. The exact mechanism of action is unknown. 
Concerns with high doses of inhaled agents include hypo-
tension and tachycardia with desflurane.

Beta2 adrenergics (terbutaline, ritodrine): Beta2 ago-
nist activates the receptors on the myometrium to increase 
cAMP levels, which ultimately inhibit sarcoplasmic retic-
ulum calcium release. They are the most common class of 
medication used to prevent preterm labor. They unfortu-
nately have a wide range of side effects associated with use. 
These include tachycardia, hypotension, pulmonary edema, 
hyperglycemia, and hypokalemia.

Nitrates (nitroglycerin): Nitroglycerin is a highly effec-
tive short-acting uterine relaxant used when sustained 
uterine contractions occur, cephalic versions, or in cases 
of retained placenta and difficulty in getting an entrapped 
head out during cesarean section. Nitroglycerin increases 
cGMP in the myometrium reducing the intracellular 
calcium.

Magnesium: Magnesium is another strong tocolytic 
widely used in the obstetric field. It can be used for pre-
eclampsia, ecclampsia, and prevention of preterm labor. It 
has multiple mechanisms of action that are not well under-
stood. Magnesium unfortunately has a wide range of side 
effects. It can potentiate neuromuscular relaxing agents 
and must be used with paralytics carefully. It can also cause 
hypotension, pulmonary edema, weakness, nausea, reduc-
tion in reflexes, bradycardia, and drop in atrioventricular 
conduction. Extreme high doses will cause cardiovascular 
collapse.

Prostaglandin inhibitor (Indomethacin): 
Prostaglandins activate phospholipase C and releases sarco-
plasmic reticulum calcium to increase uterine contractions. 
NSAIDS such as indomethacin inhibit cyclooxygenase, 
reducing the prostaglandin levels and decreasing uterine 
contractions. Unfortunately this class of medications has 
serious side effects for the fetus, potentially causing a prema-
ture closure of the ductus arteriosus, cardiac dysfunction, 
pulmonary hypertension, renal damage, and oligohydram-
nios. Maternal side effects include platelet dysfunction, gas-
trointestinal ulcers, and renal injury.

Calcium channel antangonist (nifedipine):  Calcium 
is a vital part of uterine contraction. Drugs like nifedipine 
bind to plasma membrane calcium channel, receptors and 
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decrease intracellular calcium. Side effects include hypoten-
sion, tachycardia, and flushing.

K E Y FAC T S

• Volatile anesthetics (isoflurane, sevoflurane, desflurane) 
cause dose-dependent uterine muscle relaxation.

• MAC levels over 2 will almost completely abolish 
uterine contractions.

• Beta2 agonists, nitrates, magnesium, prostaglandin 
inhibitors, and calcium channel antagonists can all be 
used as tocolytics but also have important side effects.
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14. ANSWER: A

Pulmonary sequestration lesions are completely non-
functional lung tissue that have no connections to the bron-
chial airway and thus do not participate in gas exchange. 
They usually derive their blood supply from the distal tho-
racic/abdominal aorta. The majority of pulmonary seques-
trations are intralobar as opposed to extralobar. They may 
also be associated with other congenital anomalies such as 
congenital diaphragmatic hernias and other complica-
tions such as fetal hydrops. This is in stark contrast to con-
genital cystic adenomatoid malformations (CCAMs), 
where there are direct connections to bronchial airways 
and pulmonary vasculature. This differentiation is vital for 
postnatal airway management where positive pressure ven-
tilation can exacerbate pulmonary function.

After prenatal diagnosis of a pulmonary lesion, the 
mothers will often be followed with serial ultrasonography. 
This is to observe the evolution of the lesion and to deter-
mine if fetal surgical intervention is necessary. In a retro-
spective analysis of 41 extralobar pulmonary sequestration 
cases, 28 of them had dramatic regression on serial prena-
tal ultrasonography without any intervention. Another 
retrospective analysis done in Canada with a total of 41 
cases with congenital cystic adenomatoid malformation 
of the lung (CCAM) showed 56% of the pregnancies had 

spontaneous regression. Interestingly, higher risk Stocker 
type 3 CCAM also showed 42% mediastinal corrections 
without intervention. It is for this reason that current 
management of pulmonary lesions without fetal hydrops 
includes serial ultrasonography and conservative manage-
ment. Pulmonary sequestration with fetal hydrops will 
require either an EXIT procedure for resection of mass or 
immediate delivery depending on the fetus’s gestational 
age. Unfortunately, those fetuses with spontaneous regres-
sion will continue to have respiratory issues postnatal and 
will require high acuity care after delivery.

Multiple studies have shown that with fetal hydrops, 
the postnatal mortality rate is close to 100% and thus fetal 
intervention is recommended for these specific cases. Either 
percutaneous decompression of the cystic component of the 
tumor or ex utero resection of the pulmonary mass at an 
early stage may be indicated to assist the fetal pulmonary 
development and reduce mortality rates. Thoracoamniotic 
shunts for antenatal effusions may be more practical than 
percutaneous thoracentesis in preventing fetal hydrops 
since reaccumulation of fluids is common.

In utero laser ablation has not been shown to be effec-
tive for CCAM management, much less an emergent pro-
cedure. Serial ultrasounds are not an indication for blood 
transfusion. Stocker type 3 CCAM could cause compres-
sion to the fetal esophagus leading to polyhydramnios sec-
ondary to the fetus’s inability to swallow amniotic fluid. 
Oligohydramnios requiring intra-amniotic infusion would 
be less of a concern.

K E Y FAC T S

• Pulmonary sequestration lesions are completely 
nonfunctional lung tissue that has no connections to 
the bronchial airway and thus does not participate in gas 
exchange.

• They may also be associated with other congenital 
anomalies such as congenital diaphragmatic hernias and 
other complications such as fetal hydrops.

• With CCAMs there are direct connections to bronchial 
airways and pulmonary vasculature.

• Pulmonary sequestration with fetal hydrops will 
require either an EXIT procedure for resection of 
mass or immediate delivery, depending on the fetus’s 
gestational age.
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15. ANSWER: D

Congenital cystic adenomatoid malformation is a con-
genital lung lesion consisting of multicystic masses with ori-
gins from pulmonary tissue that connect to the bronchial 
airway; it derives its blood supply through the pulmonary 
circulation. CCAM, however, does not participate in gas 
exchange. It is a rare disorder (1 in 25,000 to 1 in 35,000) 
that can affect any lobe of the lung in a usually unilateral 
manner. CCAM is associated with congenital heart defects, 
renal agenesis, and pectus excavatum.

Stocker classification is a postnatal rating for CCAM 
based on gross appearance and microscopic criteria. Type 1 
is associated with the best prognosis consisting of a single 
cyst or multiple cysts 2 cm or greater in diameter. Type 2 
are smaller multiple cysts that are less than 1 cm in diame-
ter. Type 3 lesions have the worst prognosis with the lesions 
being larger and bulky with a mass effect. This classification 
should only be one part of the evaluation with regard to in 
utero prognosis. Measurements of tumor volume adjusted 
for gestational age (congenital cystic adenomatoid mal-
formation volume ratio: CVR) to head circumference has 
also been used to determine CCAM fetuses at high risk for 
fetal hydrops. CVR > 2.0 has shown statistical significance 
in increased fetal hydrops and required fetal intervention. 
Serial ultrasounds to observe the evolution of appearance 
throughout the pregnancy of fetuses with CCAM is often 
recommended.

General anesthesia with or without a lumbar epidural 
is usually the anesthetic technique of choice for a CCAM 
resection under EXIT procedure. Anesthesia concerns 
begin with intubation under full stomach precautions. 
Arterial line will be needed for the mother because of high 
levels of anesthetic gases used to prevent uterine contrac-
tion. Additional large-bore intravenous access is needed 
because of the potential for significant hemorrhage dur-
ing the hysterotomy. Maternal FiO

2
 is kept at 100% for 

optimal fetal oxygenation. Once adequate uterine relax-
ation is determined by surgical palpation, a hysterotomy 
is performed and the fetal hemithorax and upper extrem-
ity are delivered. Continuous fetal echocardiography in 
addition to fetal oximetry is used for fetal monitoring. 
Fetal narcotics, anticholinergics, and paralytics are admin-
istered through intramuscular injections. Afterward, 
intravenous access is obtained in case additional anesthet-
ics or transfusions are needed. Maternal hemodynamics 

is carefully followed to maintain optimal uteroplacental 
perfusion with confirmation from fetal monitors for fetal 
well-being. After completion of fetal surgery, the fetus is 
placed back into the uterus and warm lactated Ringer’s 
solution is used to replace lost amniotic fluids. Magnesium 
bolus and infusion are administered to the mother to pre-
vent postoperative preterm labor. The mother is extubated 
and transferred to the obstetric intensive care unit for full 
monitoring.

Mortality rates can be as high as 5% for strictly postna-
tal management. Fetal surgery for CCAM includes fetuses 
already in the highest mortality risk category with com-
ponents of fetal hydrops where death is imminent. Larger 
pulmonary masses that cause mediastinal shifts can com-
press the structures that lead to cardiovascular compromise. 
Complications of CCAM are often sequelas of respira-
tory issues. Larger masses will compress the lungs dur-
ing key stages of fetal development, resulting in fetal lung 
hypoplasia. If fetal hydrops occurs, mortality rates are the 
highest with the majority of them dying either in utero or 
shortly after birth.

Maternal complications from fetal CCAM resection 
surgery include wound infections, wound seroma, pul-
monary edema, and uterine dehiscence. Advanced mater-
nal age alone does not increase the risk of CCAM fetal 
complications.

K E Y FAC T S

• Congenital cystic adenomatoid malformation is a 
congenital lung lesion consisting of multicystic masses 
with origins from pulmonary tissue that connect to the 
bronchial airway; it derives its blood supply through the 
pulmonary circulation.

• Stocker classification (Type 1, 2, and 3) is a postnatal 
rating for CCAM based on gross appearance and 
microscopic criteria.

• General anesthesia with or without a lumbar epidural is 
usually the anesthetic technique of choice for a CCAM 
resection under EXIT procedure.

• Continuous fetal echocardiography in addition to fetal 
oximetry is used for fetal monitoring.

• Complications of CCAM are often sequelas of 
respiratory issues.
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16. ANSWER: B

Congenital heart disease is not a major concern of SCTs. 
However, high-output cardiac failure can be a complica-
tion of SCTs.

SCTs are the most common tumors (1 in 
27,000–40,000) of the newborn, affecting females four 
times more than males. These tumors are usually benign, 
external to the body, and include both solid and cystic 
components.

Mortality rates for SCTs can be extremely high with 
some literature citing rates as high as 20%. Although the 
fetus can die from malignant degeneration, the majority of 
deaths are secondary to its large blood supply and mass effect 
of the tumor. Large SCTs are highly vascular and can act 
like an arteriovenous fistula, leading to a high-output 
cardiac failure. Fetal hydrops is thus associated with SCTs 
and placentomegaly; pleural and pericardial effusions may 
be present and another contributor to its high mortality 
rate. Other variables associated with higher mortality rates 
include immature teratoma histology, higher ratios of solid 
tumor to fetal mass, and premature delivery.

Surgical intervention for SCTs can range from per-
cutaneous cyst/bladder decompression and bladder shunt 
placement to in utero mass resection. Anesthetic goals for 
the mother include maintenance of uteroplacental perfu-
sion, relaxation of uterine walls, prevention of maternal 
pain, and prevention of preterm labor. Primary anesthetic 
goals for the fetus include preventing fetal bradycardia, fetal 
pain, and fetal movement.

Because of the highly vascular nature of the SCT, pre-
operative fetal blood transfusion may be considered. Case 
reports show that preoperative interventional emboliza-
tion of the teratomas has been successful in minimizing 
operative blood loss. However, vigilance is still needed for 
the fetus because of concerns of continued transfusion 
needs, potential air embolus, and hyperkalemia associated 
with tumor manipulation. Patients with polyhydramnios 
requiring multiple amnioreductions will also need more 
aggressive tocolytic therapy to prevent preterm labor.

During in utero resection of the tumor, ultrasonogra-
phy of fetal well-being is determined before induction of the 
mother. General anesthesia with rapid sequence induction 
and epidural for postoperative pain is usually performed 
for the mother. ASA monitors, additional IV access, and 
invasive blood pressure monitors are placed. Fetal echo-
cardiography is continuously monitored throughout the 
surgery. Volatile anesthetics are increased to 2 MAC for 

uterine relaxation during hysterotomy. After exposure 
to the fetus, intramuscular/intravascular administra-
tion of anticholinergic, muscle paralytic, and narcotics 
can occur. Once resection of the tumor is completed and 
the uterine walls are closed, magnesium bolus and infusion 
are started. Extubation for the mother can then be planned 
after recovery from paralytics. Postoperative concerns 
include preterm labor, amniotic leak, pulmonary edema, 
and fetal demise.

K E Y FAC T S

• High-output cardiac failure can be a complication of 
SCTs because they are highly vascular and can act like 
an arteriovenous fistula.

• Although the fetus can die from malignant 
degeneration, the majority of deaths are secondary to its 
large blood supply and mass effect of the tumor.

• Surgical intervention for SCTs can range from 
percutaneous cyst/bladder decompression and bladder 
shunt placement to in utero mass resection.

• Volatile anesthetics are increased to 2 MAC for uterine 
relaxation during hysterotomy.

• After exposure to the fetus, intramuscular/intravascular 
administration of anticholinergic, muscle paralytic, and 
narcotics can occur.
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17. ANSWER: A

Uteroplacental gas exchange starts with the mother’s 
oxygenated blood distributed to the uterine arteries, where 
the placenta is perfused. In general, the fetus will have one 
umbilical vein, which will carry the oxygenated blood 
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to the fetus. As the oxygenated blood arrives at the liver, 
50%–60% of the blood is shunted directly to the inferior 
vena cava (IVC) with the rest continuing to the liver. The 
oxygenated blood (SpO

2
 80–90%) tends to stream sepa-

rately from the deoxygenated blood (SpO
2
 25–40%) of the 

lower extremity. This is related to the faster flow of oxygen-
ated blood compared to the slower moving deoxygenated 
blood. As the oxygenated blood reaches the right atrium, 
more deoxygenated blood will merge from the superior 
vena cava (SVC) and coronary sinus. At this point the blood 
can travel one of two routes. It can go to the right ventri-
cle and to the pulmonary vasculature with the majority of 
the blood reaching systemic circulation through the duc-
tus arteriosus secondary to the extremely high pulmonary 
vascular resistance. The alternative is to shunt through the 
foramen ovale. The Eustachian valve located at the junc-
tion of the IVC and right atrium tends to shunt the faster 
moving oxygenated blood toward the foramen ovale and 
ultimately to the left side of the heart (SpO

2
~65%), where 

distribution of the oxygenated blood to the fetal brain, 
coronary circulation, and other vital organs can occur. The 
return of deoxygenated fetal blood to the placenta comes 
from the two umbilical arteries.

Because the fetal lungs are underdeveloped and 
unable to obtain oxygen independently, the circulation 
is adapted to optimize oxygen delivery from the mater-
nal supply to the fetus. Fetal circulation has three major 
shunts that help deliver oxygen to the fetal organs. The 
first is the ductus venosus, which shunts the oxygen-
ated blood away from the liver and directly to the IVC. 
The second is the foramen ovale that shunts oxygenated 
blood to the left side of the heart and leads to supplying 
the upper extremity and brain through the aortic arch. 
The last is the ductus arteriosus, which shunts blood 
from the pulmonary vasculature to the aorta to supply 
the lower extremity with oxygenated blood. All of these 
shunts naturally close off after the birth of the fetus. In 
addition to the shunts, fetal hemoglobin (18 g/dL) has 
a higher concentration than in adults, which increases its 
oxygen-carrying capacity. Hemoglobin F is also a com-
ponent of fetal blood that allows it to have a larger affin-
ity for oxygen than maternal blood. There is also less 2,3 
diphosphoglycerate in the fetal blood, which naturally 
binds to deoxyhemoglobin. This further shifts the oxygen 
dissociation curve to the left, giving the fetus a lower P

50
 

(PO
2
 at which 50% of hemoglobin is saturated with oxy-

gen) compared to the mother (20 vs. 27 mm Hg).

K E Y FAC T S

• Uteroplacental gas exchange starts with the mother’s 
oxygenated blood distributed to the uterine arteries, 
where the placenta is perfused.

• In general, the fetus will have one umbilical vein, which 
will carry the oxygenated blood to the fetus.

• Approximately 50%–60% of the blood is shunted 
directly to the IVC with the rest continuing to the liver.

• The Eustachian valve located at the junction of the 
IVC and right atrium tends to shunt the faster moving 
oxygenated blood toward the foramen ovale.

• The return of deoxygenated fetal blood to the placenta 
comes from the two umbilical arteries.

• The first shunt to deliver oxygenated blood to fetal 
organs is the ductus venosus, which shunts the 
oxygenated blood away from the liver and directly to 
the IVC.

• The second shunt, the foramen ovale, shunts oxygenated 
blood to the left side of the heart and leads to supplying 
the upper extremity and brain through the aortic arch.

• The third shunt, the ductus arteriosus, shunts blood 
from the pulmonary vasculature to the aorta to supply 
the lower extremity with oxygenated blood.
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18. ANSWER: C

Fetal oxygen needs are significantly different in the womb 
compared to adults. The main reason is the reliance on the 
maternal oxygenated blood to supply vital fetal organs as 
opposed to independently breathing in oxygen through 
the lungs. Thus, the placenta becomes the focal point in gas 
exchange between the mother and fetus. It is not uncom-
mon to have umbilical vein oxygen partial pressures as low 
as 30 mm Hg.

To compensate for the different environment, the fetus 
utilizes multiple mechanisms to properly perfuse the vital 
organs. Fetal hemoglobin is the primary oxygen carrier for 
fetuses throughout the pregnancy with adult hemoglobin 
rapidly created during the last weeks before birth. The pri-
mary structure of fetal hemoglobin consists of four protein 
chains (two alpha and two gamma subunits). This differs 
from adult hemoglobin, which consists of two alpha and 
two beta protein subunits. The difference in hemoglobin 
structure leads to a drastically different affinity toward 
oxygen.

As shown in Figure 12.2, fetal hemoglobin has a 
significantly higher affinity for oxygen, leading to 50% 
hemoglobin oxygen saturations (P

50
) at low oxygen partial 

pressures of 20 mm Hg. This reflects the placenta’s ability to 
enhance its extraction of oxygen from the maternal circula-
tion. Adult hemoglobin requires a much higher partial pres-
sure of oxygen (27 mm Hg) to bind 50% of the hemoglobin, 
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with this usually occurring in the lungs. The fetus tends 
to have lower levels of 2,3 diphosphoglycerate (DPG), 
which is an organic phosphate that binds to deoxygenated 
hemoglobin and decreases the affinity of fetal hemoglobin 
for oxygen. In adults, DPG levels are elevated in situations 
where there is a lack of peripheral tissue oxygen availability 
such as hypoxia or chronic lung disease. This causes a right 
shift in the oxygen dissociation curve, allowing the release 
of more oxygen to the tissue. Other factors that increase the 
affinity of hemoglobin for oxygen include higher pH levels, 
hypothermia, carbon monoxide, and methemoglobinemia.

Fetal hemoglobin levels are much higher than adult 
hemoglobin levels. This elevates the fetal oxygen-carrying 
capacity. In addition to this, high fetal cardiac output is 
maintained primarily by heart rate since the fetal heart is 
not mature enough to significantly alter stroke volume. 
Combined ventricular output is how fetal cardiac output is 
measured since the fetal circulation runs in parallel second-
ary to fetal shunts. The fetal shunts are necessary to direct 
the oxygenated blood to vital fetal organs.

K E Y FAC T S

• Fetal umbilical vein oxygenation is ~30 mm Hg.
• Fetal hemoglobin is the primary oxygen carrier for 

fetuses throughout the pregnancy with adult hemoglobin 
rapidly created during the last weeks before birth.

• The primary structure of fetal hemoglobin consists 
of four protein chains (two alpha and two gamma 
subunits).

• Fetal hemoglobin has a significantly higher affinity for 
oxygen, leading to 50% hemoglobin oxygen saturations 
(P50) at low oxygen partial pressures of 20 mm Hg.

• The fetus has lower levels of 2,3 diphosphoglycerate 
(DPG), leading to increased affinity of fetal hemoglobin 
for oxygen.

• Other factors that increase the affinity of hemoglobin 
for oxygen include higher pH levels, hypothermia, 
carbon monoxide, and methemoglobinemia.

• Fetal hemoglobin levels are much higher than 
hemoglobin levels in adults.
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19. ANSWER: C

Based on the ACOG guidelines, this is a category 3 FHR 
tracing that requires closer evaluation to determine the 
cause of the nonreassuring reading. Initial treatments 
may include administration of maternal oxygen, change in 
maternal positioning, discontinuation of oxytocin, cervical 
check, and a refresh of maternal vital signs.

FHR monitoring is known to have false positives, 
leading to an increase in cesarean section rates. Fetal scalp 
blood sampling (FSS) can be used to confirm the poten-
tial diagnosis of fetal acidosis from an abnormal FHR trac-
ing. Haverkamp et al. have shown that there is a reduction 
in cesarean rates when FHR monitoring is combined with 
FSS, as opposed to FHR monitoring alone. A  pH below 
7.2 is considered abnormal and emergent cesarean section 
or vaginal delivery is most likely indicated. If the pH levels 
are above 7.26, labor is continued without intervention as 
long as the FHR tracing does not worsen. Borderline pH 
values may require repeat testing in 20–30 minutes and fur-
ther close observations of FHR tracing. Fetal scalp blood 
sampling is contraindicated if the membranes are intact or 
if the cervix is not dilated enough. Complications of the 
procedure include infection, bleeding, and potential scar-
ring at the sample site, although these risks are low.

Criticism for FSS use in a laboring patient is that it is 
an invasive procedure with questionable overall fetal ben-
efit. Goodwin et al. showed that a reduction of FSS usage of 
1.76% to 0.03% did not decrease the cesarean section rate or 
decrease perinatal asphyxia rate. Alternative methods of 
fetal well-being confirmation have been proven to be just 
as effective. This includes scalp stimulation and vibroacoustic 
stimulation tests, which work on the principle that a positive 
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Figure 12.2 Fetal/adult hemoglobin saturation curve. (Reprinted with 
permission from Motoyama EK, Davis PJ, eds. Smith’s Anesthesia 
for Infants and Children. 7th ed. St. Louis, MO: Elsevier Mosby; 
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response (15 bpm accelerations sustained over 15 seconds) 
represents an intact autonomic system with a nonacidotic 
fetus. In a study with 100 fetuses with poor FHR tracings, all 
51 fetuses who responded to the scalp stimulation had scalp 
pH > 7.19. Of the remaining fetuses that did not respond to 
the stimulation, 19 out of 49 had scalp pH < 7.19.

Unfortunately during a fetal procedure, stimulation 
tests would be ineffective with an anesthetized fetus. There 
are limited monitoring opportunities beyond FHR and fetal 
echocardiogram. FSS would be an effective way to deter-
mine if the fetus was acidotic when concurrent FHR trac-
ings are worrisome. Another added benefit is that it avoids 
blood draws from the umbilical vasculature, which has the 
potential of causing vasospasm or kinking. Lactate tests 
can also be done in the same manner to determine acido-
sis. This has been shown to be just as effective in predicting 
acidosis with a higher success rate in test completion since 
it requires significantly less blood and results can be rapidly 
processed within 1 minute. EXIT procedures can have FSS, 
but a fetoscopic procedure would require blood drawn from 
the umbilical vasculature. Cardiac procedures will have a 
needle or catheter directly in the heart to draw blood.

K E Y FAC T S

• Initial treatments of a nonreassuring fetal HR tracing 
include administration of maternal oxygen, change 
in maternal positioning, discontinuation of oxytocin, 
cervical check, and a refresh of maternal vital signs.

• FHR monitoring has a large number of false positives, 
leading to an increase in cesarean section rates.

• Fetal scalp blood sampling can be used to confirm the 
potential diagnosis of fetal acidosis from an abnormal 
FHR tracing.

• Any pH below 7.2 is considered abnormal, and emergent 
cesarean section or vaginal delivery is most likely 
indicated.

• If the pH levels are above 7.26, labor is continued 
without intervention as long as the FHR tracing does 
not worsen.

• Criticism for FSS use in a laboring patient is that it is 
an invasive procedure with questionable overall fetal 
benefit.

• Alternative methods of fetal well-being confirmation 
have been proven to be just as effective. This includes 
scalp stimulation and vibroacoustic stimulation tests 
that works on the principle that a positive response (15 
bpm accelerations sustained over 15 seconds) represents 
an intact autonomic system with a nonacidotic fetus.
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20. ANSWER: D

Normal preductal fetal SpO
2
 ranges from 30% to 70% 

with normal fetal heart rates ranging from 120 to 160 
bpm. Fetal SpO

2
 < 50% should indicate further assess-

ment of maternal and fetal well-being and treatment. This 
may include initiating 100% O

2
 to the mother, optimiz-

ing maternal hemodynamics, assessing uterine tone, and 
rechecking umbilical vessel patency for kinks and vaso-
spasm. Fetal SpO

2
 < 30% is considered a dire precurser for 

fetal hypoxia and potential future cardiovascular collapse. 
The readings from this question are within normal fetal 
hemodynamic ranges and continued present management 
is recommended.

Pulse oximetry technology is based on spectropho-
tometry to determine the ratios of oxyhemoglobin to 
deoxyhemoglobin in a patient’s blood. The LED light is 
shined through a vascular region and a photodetector on 
the other side determines how much of the light has been 
absorbed by the hemoglobin. Because oxyhemoglobin and 
deoxyhemoglobin absorb light at different wavelengths, 
pulse oximeters are able to differentiate between them and 
provide a numerical value that represents the partial pres-
sures of oxygen in the blood. The difference with fetal 
SpO

2
 monitoring comes from the different fetal physiology 

and anatomy. Fetal blood vessels are smaller and also have 
smaller pulse pressures, which make it more difficult for the 
monitors to pick up pulsations. In addition to that, fetal 
oxygen partial pressures are much lower with increased 
affinity levels toward oxygen secondary to the presence 
of fetal hemoglobin and reduced 2,3 diphosphoglycerate. 
Normal fetal oxygen saturation lies on a steep portion of 
the dissociation curve; therefore, minute changes in the 
partial pressures of oxygen can cause wide variances in fetal 
SpO

2
 readings, making it more difficult to assess. For these 

reasons it was found that adjusting the wavelength of fetal 
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pulse oximeters to 735/890 nm yielded more accurate read-
ings. Fetal pulse oximeters will also require a lack of fetal 
movement, direct contact to the fetal skin, and aluminum 
covering of the monitor to prevent artifact absorption.

According to the Academy College of Obstetricians and 
Gynecologists (ACOG), fetal pulse oximetry is currently 
not considered the standard of care for laboring patients. 
Bloom et al. had the largest randomized control trial of over 
5000 parturients who were all monitored with fetal pulse 
oximetry. The first arm masked the pulse oximetry data to 
clinicians with the second arm allowing clinicians the data 
to affect medical decisions. There was no statistical differ-
ence between the two arms with regard to overall cesarean 
section rates, cesarean section rates with nonreassuring fetal 
heart rates, and newborn well-being. Further studies are 
required to determine if there is a place in fetal monitoring 
for fetal pulse oximetry. However, there may be benefits dur-
ing fetal surgery where continuous assessment of fetal oxy-
genation and heart rate can be extremely valuable.

K E Y FAC T S

• Normal preductal fetal SpO
2
 ranges from 30% to 70% 

with normal fetal heart rates ranging from 120 to 
160 bpm.

• Fetal SpO
2
 < 50% should indicate further assessment of 

maternal and fetal well-being and treatment.
• Treatments include initiating 100% O

2
 to the mother, 

optimizing maternal hemodynamics, assessing uterine 
tone, and rechecking umbilical vessel patency for kinks 
and vasospasm.

• Fetal SpO
2
 < 30% is considered a dire precurser for fetal 

hypoxia and potential future cardiovascular collapse.
• Pulse oximetry technology is based on 

spectrophotometry to determine the ratios of 
oxyhemoglobin to deoxyhemoglobin in a patient’s blood.

• Oxyhemoglobin and deoxyhemoglobin absorb light at 
different wavelengths.
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21. ANSWERS: B

Fetal monitoring for surgery has many limitations. The lim-
itations include the inability to access and fully monitor the 

fetus properly. Fetoscopic repair for HLHS with AS does 
not allow monitors that require direct access to the fetus. 
The surgical trocars are too small to deliver ECG and pulse 
oximetry leads. Thus, placement of fetal pulse oximetry or 
ECG would require rupture of membranes in order to place 
the monitors on the skin. This would be unacceptable since 
these procedures are performed around 20–26 weeks gesta-
tion. Thus, anesthetic goals include prevention of prema-
ture rupture of membranes and premature labor.

Fetal cardiac imaging is useful for advance diagnosis 
of fetuses with congenital heart defects as early as 16–24 
weeks gestation. It is effective in visualization of cardiac 
structures and blood flow directions to determine if there are 
valvular or septal defects. Fetal echocardiogram is often the 
only fetal monitor available for fetoscopic procedures. It is 
initially useful in providing visualization of the fetal heart 
so that percutaneous access to the heart can be obtained for 
injection of fetal anesthetics and deployment of balloons. It 
also allows visualization of the placenta, umbilical cord, and 
amniotic membranes to determine patient and fetoscope 
positioning. Parturients with anterior placentas are consid-
ered technically more challenging and require more uterine 
manipulation and relaxation. General anesthesia would then 
be the preferred method over neuraxial anesthesia to fulfill 
these goals. Throughout the surgery, continuous echo-
cardiographic readings are performed through a sterile 
sleeve. It can provide vital information about fetal stroke 
volume, heart rate, rhythm, and contractility. Volume sta-
tus and cardiac output can be determined in real time, giving 
better information on blood transfusion management and 
when emergency medications for inotropic support of the 
fetal heart are needed. Fetal bradycardia can occur during 
the surgery secondary to fetal acidosis, and thus maneuvers 
to improve fetal oxygenation through the mother can also be 
initiated. This includes optimizing maternal hemodynam-
ics by placing the mother on 100% oxygen and maintain-
ing maternal mean arterial pressures above 25% of baseline 
readings. Pericardial effusion and/or tamponade may also be 
a problem during the surgery and can be visualized by echo-
cardiography. Percutaneous drainage of the fluids may be 
necessary if it affects fetal cardiac output.

Postoperative management will require intermittent 
ultrasonographic examination in addition to continuous 
fetal heart rate and uterine contraction monitoring. For 
these patients, preterm labor risk is much less than an open 
hysterotomy but is still a major concern that requires close 
monitoring.

K E Y FAC T S

• Fetoscopic repair for HLHS with AS does not allow 
monitors that require direct access to the fetus.

• Placement of fetal pulse oximetry or ECG would require 
rupture of membranes to place the monitors on the skin, 
which is unacceptable given the risk of preterm labor.
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• Anesthetic goals include prevention of premature 
rupture of membrane and premature labor.

• Fetal cardiac imaging is useful for advance diagnosis of 
fetuses with congenital heart defects as early as 16–24 
weeks gestation.

• Fetal echocardiogram is often times the only fetal 
monitor available for fetoscopic procedures.

• Volume status and cardiac output can be determined 
in real time, giving better information on blood 
transfusion management and when emergency 
medications for inotropic support of the fetal heart are 
needed.
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22. ANSWER: A

Twin-twin transfusion syndrome is a placental vascu-
lar anastomosis abnormality within a monochorionic 
diamniotic placenta (MCDA), which results in a circula-
tory imbalance between the twin fetuses. It is normal for 
MCDA to have vascular connections that can be arterio-
arterial or venovenous. Arteriovenous anastomosis is 
rare and unidirectional, which in theory can be the cause 
of the imbalance in vascular flow between the fetuses. 
Arterioarterial connections are bidirectional, and its 
presence can help reduce the incidence of TTTS from 42% 
to 15% but does not completely protect the fetuses from it. 
This one-sided vascular flow can cause the recipient twin to 
develop hypertension, cardiomegaly, and right-sided heart 
failure. The donor twin will have hypotension, hypovole-
mia, and decreased growth.

TTTS affects 8%–10% of MCDA births and has a 
prevalence of 1–3 per 10,000 births. This syndrome devel-
ops in the second trimester and thus MCDA placentation 
should be monitored by serial ultrasounds starting at 16 
weeks with a follow-up frequency as soon as every 2 weeks 
until delivery. The close monitoring is a result of the rapid 
nature with which the syndrome can progress to advanced 
Quintero stages.

Quintero developed a prognostic staging criterion based 
on ultrasound findings to help with clinical management 
of TTTS. Increasing stage indicates worsening fetal out-
come. Stage 1 shows a significant difference in amniotic 
fluid between the donor and recipient twin. Stage 2 is 

when there is a loss of visualization of bladder of the donor 
twin. Stage 3 is when the donor twin loses umbilical artery 
diastolic flow. Stage 4 is fetal hydrops. Stage 5 is the fetal 
demise of one or both twins.

Stage 1 can progress to more advanced stages 10%–
30% of the time. However, fetal intervention has not been 
shown to improve morbidity or mortality, so conservative 
management with weekly ultrasound follow-up is advised. 
Once Quintero stage 2–4 is reached, the mother should be 
counseled for fetal intervention. Current options include 
serial amnioreductions, septostomy with or without 
amnioreduction, selective fetocide, controlled blood-
letting, and fetoscopic laser photocoagulation (FLP). 
FLP is used to disrupt the vascular anastomosis in the pla-
centa and is currently the recommendation of choice for 
TTTS stage 2–4 management. This procedure can result in 
preterm rupture of membranes, preterm delivery, amniotic 
fluid leakage, chorioamnionitis, and fetal death.

A European randomized controlled trial of 142 women 
with TTTS compared clinical intervention of FLP versus 
amnioreduction and found significant reductions in over-
all perinatal death (44% vs. 61%) and improvements in 
6 months survivorship without neurological complications 
(52% vs. 31%). Long-term neurological benefits, however, 
were equivalent by 6 years of age. Meta-analyses with other 
randomized controlled trials have not been as conclusive 
with a smaller randomized controlled trial trial done in 
America showing no significant perinatal mortality benefit 
at 30 days of age (55% vs. 40%) and a significant increase in 
recipient twin death (70% vs. 35%). Survival rates for both 
fetuses after FLP is approximately 50%. And even with 
successful FLP, long-term neurodevelopmental deficits 
(mental retardation, cerebral palsy, periventricular leu-
komalacia) will occur 5%–20% of the time.

K E Y FAC T S

• Twin-twin transfusion syndrome is a placental vascular 
anastomosis abnormality within an MCDA, which 
results in a circulatory imbalance between the twin 
fetuses.

• Arteriovenous anastomosis is rare and unidirectional, 
which in theory can be the cause of the imbalance in 
vascular flow between the fetuses.

• Arterioarterial connections are bidirectional, and its 
presence can help reduce the incidence of TTTS from 
42% to 15% but does not completely protect the fetuses 
from it.

• Once Quintero stage 2–4 is reached, the mother 
should be counseled for fetal intervention, which 
includes serial amnioreductions, septostomy with or 
without amnioreduction, selective fetocide, controlled 
bloodletting, and FLP.

• Even with successful FLP, long-term 
neurodevelopmental deficits (mental retardation, 
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cerebral palsy, periventricular leukomalacia) will occur 
5%–20% of the time.
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23. ANSWER: A

Congenital diaphragmatic hernia (CDH) is a rare devel-
opmental disorder that results in an incomplete formation 
of the diaphragm. It most commonly occurs in the postero-
lateral region of the diaphragm known as the Bockdalek 
hernia with ~85% of the hernias located on the left side. 
It is associated with a wide range of systemic and organ 
disease processes, including chromosomal, craniofa-
cial, neurological, gastrointestinal, skeletal, pulmo-
nary, urological, and cardiac anomalies. Even without 
these problems, CDH newborns will commonly have 
extensive pulmonary issues related to abdominal organs 
displaced into the thorax, preventing adequate develop-
ment of the lungs. Pulmonary hypoplasia of the defect 
and pulmonary hypertension are potential variables for 
long-term morbidity and mortality, which can be as high 
as 50%–60%.

Prenatal CDH intervention to improve pulmonary 
development has not been shown to improve morbid-
ity or mortality. In fact, intervention for fetuses with 
high-risk incarcerated livers led to immediate death sec-
ondary to vascular compression. Current management 
for CDH newborns with respiratory issues is to intubate 
as soon as possible to prevent bag mask ventilation and 
intestinal insufflation. Decompression of the stomach, 
paralytics, and sedation should all be considered to mini-
mize distension of the stomach and intestines in the hopes 
of preventing worsening pulmonary function. Emergent 
surgery to correct CDH has not been shown to improve 
mortality rates. Therefore, stabilization of respiratory and 
cardiovascular function is far more important before sur-
gery is considered.

High-risk newborns with CDH will have difficul-
ties even with the aforementioned maneuvers to optimize 

oxygenation and ventilation. Prenatal testing can determine 
if a fetus will have a poor neonatal outcome. This includes 
identifying fetuses with a substantial amount of liver her-
niated into the thorax. These fetuses compared to fetuses 
where the liver stayed in the abdomen had a statistically 
significant increase in ECMO requirements (53% vs. 19%) 
and drop in survival rates (43% vs. 93%). A meta-analysis 
of studies showed similar results with intrathoracic liver 
herniation versus abdominal liver yielding survival rates of 
45.4% and 73.9%, respectively. Contralateral lung to head 
ratio has also been shown to predict mortality rates. In small 
studies, fetuses with ratios higher than 1.4 were shown to 
survive, whereas scores below 1.0 all led to neonatal death 
even with ECMO support. EXIT to ECMO management 
becomes a viable alternative during these high-risk situa-
tions to minimize hypoxia and organ damage from lack of 
perfusion. During the EXIT procedure, fetal oxygenation 
is maintained through uteroplacental gas exchange. It is 
during this time that the fetal hemodynamics can be moni-
tored and intubation can occur. If during this time period, 
maintaining an adequate fetal oxygenation is challenging 
and the echocardiogram shows increased right ventricu-
lar volumes with diminished lung volumes, fetal ECMO 
catheter cannulation should be strongly considered before 
the umbilical cord is clamped and severed. Venovenous 
ECMO can provide temporary stabilization of oxygenation 
and ventilation in preparation for CDH repair.

K E Y FAC T S

• CDH is a rare developmental disorder that results in an 
incomplete formation of the diaphragm.

• CDH most commonly occurs in the posterolateral 
region of the diaphragm known as the Bockdalek hernia 
with ~85% of the hernias located on the left side.

• CDH is associated with a wide range of systemic and 
organ disease processes, including chromosomal, 
craniofacial, neurological, gastrointestinal, skeletal, 
pulmonary, urological, and cardiac anomalies.

• Pulmonary hypoplasia of the defect and pulmonary 
hypertension are potential variables for long-term 
morbidity and mortality, which can be as high as 
50%–60%.

• Prenatal CDH intervention to improve pulmonary 
development has not been shown to improve morbidity 
or mortality.

• During the EXIT procedure, fetal oxygenation is 
maintained through uteroplacental gas exchange.
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24. ANSWER: C

EXIT procedures were originally designed to maintain 
uteroplacental circulation and fetal gas exchange during 
critical moments so that physicians would have additional 
time for fetal management at the time of delivery. Since 
then, utilizing it for prenatal care has been explored. 
Disease processes that cause newborn respiratory distress 
are usually eligible for the EXIT procedure. Congenital 
diaphragmatic hernias can benefit from ECMO because 
of concerns with pulmonary hypoplasia and pulmonary 
hypertension. Upper airway neck masses such as a cer-
vical teratoma or a congenital high airway obstruction 
may need an EXIT procedure to maintain fetal oxygen-
ation while the physicians secure an airway before clamping 
off the umbilical cord.

Transition from EXIT to ECMO can be performed if 
there is an immediate risk for cardiovascular or pulmonary 
collapse after separation from the parturient. Venoarterial 
ECMO is used if there is both cardiac and respiratory sup-
port needed. It requires two cannulas and has a higher 
complication risk because of carotid artery cannulation. 
Venovenous ECMO is used if only respiratory support is 
needed. It requires one larger cannula in the internal jugu-
lar vein that takes deoxygenated blood and returns filtered 
oxygenated blood into the right atrium. Some disease 
processes that may benefit from additional ECMO sup-
port include CDH, congenital heart disease, and poten-
tial airway compromises. ECMO requires the newborn to 
have a reversible disease process. If the disease has a lethal 
component, ECMO should not be used to delay death. 
Premature infants less than 34 weeks gestational age 
are not eligible for ECMO because they have a significant 
increased risk in morbidity and mortality associated with 
intracranial bleeding. A  minimum weight requirement 
of 2  kg for venoarterial ECMO and 3  kg for venove-
nous ECMO is necessary because of the large cannula size 
needed for adequate flow. Last, there must be a failure of 

medical management before ECMO should be instituted. 
Although ECMO has been shown to significantly reduce 
the neonatal mortality, significant complications are asso-
ciated with ECMO and should be used as a last resort. 
Anticoagulation is required and can complicate the new-
born with hemorrhage and intracranial bleeding. Infection, 
sepsis, renal failure, cardiac arrhythmias, and thromboem-
bolic events can all occur with ECMO.

EXIT procedure for repair of myelomeningocele, 
which is not considered an emergent procedure, has been 
found to improve neurological outcomes. EXIT proce-
dures have been done with high-risk SCT with hydrops. 
TAPVR can be extremely unstable and may need cardio-
vascular and pulmonary support with ECMO immedi-
ately after birth. These newborns tend to need emergent 
surgery. EXIT benefits for cervical teratomas lead to more 
time available to secure an airway. ECMO respiratory sup-
port can be utilized if the airway is unobtainable and the 
neck vasculature is still accessible or if the newborn needs 
support after completion of mass removal. The limiting 
factor for ECMO utilization is the low gestational age and 
premature weight.

K E Y FAC T S

• EXIT procedures were originally designed to maintain 
uteroplacental circulation and fetal gas exchange 
during critical moments so that physicians would have 
additional time for fetal management at the time of 
delivery.

• Transition from EXIT to ECMO can be performed 
if there is an immediate risk for cardiovascular or 
pulmonary collapse after separation from the parturient.

• Disease processes that cause newborn respiratory 
distress, such as CDH and upper airway neck masses, are 
usually eligible for the EXIT procedure.

• Venoarterial ECMO is used if there is both cardiac and 
respiratory support needed.

• Venovenous ECMO is used if only respiratory support is 
needed.

• Some disease processes that may benefit from additional 
ECMO support include CDH, congenital heart disease, 
and potential airway compromises.

• Premature infants less than 34 weeks gestational age are 
not eligible for ECMO because they have a significant 
increased risk in morbidity and mortality associated 
with intracranial bleeding.

• A minimum weight requirement of 2 kg for 
venoarterial ECMO and 3 kg for venovenous ECMO 
is necessary because of the large cannula size needed for 
adequate flow.

• EXIT procedure for repair of myelomeningocele, which 
is not considered an emergent procedure, has been found 
to improve neurological outcomes.
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25. ANSWER: B

One of the main anesthetic goals for an EXIT proce-
dure is to maintain complete uterine relaxation. This is 
effective in reducing uteroplacental resistance to main-
tain perfusion and effective gas exchange between the 
mother and fetus. In addition to optimizing fetal oxygen-
ation, maximal uterine relaxation is important in allowing 
the fetus with a large neck mass to be partially delivered 
without structural damage. An inopportune uterine con-
traction during this time period could cause the fetus to 
be completely delivered. Efforts are made to avoid this to 
prevent kinking of the umbilical cord and complete separa-
tion of the placenta. Preoperative evaluation is an impor-
tant component to determine what kind of anesthetics will 
be required to maintain uterine relaxation. Fetuses with 
a large neck mass not only obstruct the airway but also 
the esophagus, leading to polyhydramnios and an elevated 
premature contraction risk. Thus, a detailed history of 
preterm labor, frequency of amnioreductions, volume 
withdrawn, and uterine contractions during the proce-
dure may help determine the amount of uterine irritability 
the parturient will have. These patients may need additional 
tocolytics in addition to having potentially higher risks of 
fetal acidemia after delivery. Current anesthetics that are 
effective in producing uterine relaxation include volatile 
halogenated agents, nitroglycerin, nifedipine, indometha-
cin, magnesium sulfate, and terbutaline.

Maternal safety is always the first priority, so a detailed 
history and physical examination of the airway, cardiac 
history, and pulmonary risk factors should be completed. 
Any factors that significantly increase the morbidity 
and mortality of the parturient would potentially be a 
contraindication for fetal surgery. A parturient’s current 
medication list is also important if she is already on a large 
number of tocolytics such as magnesium or terbutaline, 
which has a large side effect profile and will interact with 
the anesthetics used during the surgery.

Fetal preoperative evaluation includes amniocentesis 
to determine if there is any associated genetic abnormality 
and to evaluate fetal lung maturity. Amnioreduction can 

also be performed to reduce the risk of unexpected preterm 
labor. Fetal ultrasound is used to rule out congenital heart 
defects, evaluate cardiac function, and determine if fetal 
hydrops is present. Fetal weight estimation is also impor-
tant so that proper drug dosages can be administered.

Discussions with the parturient about medical and 
surgical options for her and the fetus should be done well 
in advance of the procedure. Risks and benefits for both 
patients should also be discussed. Preparation for operat-
ing room management includes a multidisciplinary team 
involving obstetrics/gynecologists, pediatric surgeons, 
anesthesiologists, neonatologist, and ultrasonographer. 
The operating room should be kept warm for the neonate. 
Advanced airway equipment, invasive monitors, and blood 
products should also be readily available for both mother 
and fetus. Anesthetic doses and emergency drugs based on 
fetal weight should also be prepared in advance.

K E Y FAC T S

• One of the main anesthetic goals for an EXIT procedure 
is to maintain complete uterine relaxation in order to 
reduce uteroplacental resistance to maintain perfusion 
and effective gas exchange between the mother 
and fetus.

• Fetuses with a large neck mass not only obstruct 
the airway but also the esophagus, leading to 
polyhydramnios and an elevated premature 
contraction risk.

• A detailed history of preterm labor, frequency of 
amnioreductions, volume withdrawn, and uterine 
contractions during the procedure may help determine 
the amount of uterine irritability the parturient 
will have.

• Current anesthetics that are effective in producing 
uterine relaxation include volatile halogenated agents, 
nitroglycerin, nifedipine, indomethacin, magnesium 
sulfate, and terbutaline.

• Any factors that significantly increase the morbidity 
and mortality of the parturient would potentially be a 
contraindication for fetal surgery.
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13.
NEONATA L

Matthew C. Gummerson, Maria Irwin, Laura Leduc, and Jennifer Dearden

1. An otherwise healthy male infant is born full term 
and voids urine within the first 24 hours after birth. At 
what age after birth would you expect his glomerular fil-
tration rate to attain a normal adult value?

A. 6 weeks
B. 6 months
C. 1 year
D. 2 years

2. You are consulted by the preoperative clinic to evalu-
ate a 6-month-old infant with Streeter anomaly (amni-
otic band sequence), who is undergoing surgery the 
following day. Which of the following clinical signs or 
features is most likely to be found in this child?

A. Intestinal malrotation
B. Vascular ring
C. Unilateral nevus flammeus
D. Amputation of digits

3. You are assisting your partner on the labor-and-  
delivery ward and observe the delivery of a full-term 
newborn after having just given the mother a bolus of 
local anesthetic through her epidural (5 mL of lidocaine 
1%). At 1 minute after time of delivery, the neonate has 
a heart rate of 80 bpm and has slow, irregular breathing. 
His extremities are flexed, and he is not actively crying 
but has a facial grimace. His extremities are cyanotic 
but his body is pink. What is his 1-minute Apgar score?

A. 4
B. 5
C. 6
D. 7

4. You are caring for a woman in the L&D operating 
room who is undergoing an elective repeat C-section 
under continuous spinal/epidural. At 5 minutes after 

delivery of a full-term newborn, the baby has a heart 
rate of 110 bpm, is actively crying and coughing with 
good respiratory efforts, and is vigorously moving all 
four extremities. The baby’s SpO

2
 is 70% on supplemen-

tal oxygen via blow-by mask and has cyanosis of the face, 
trunk, and extremities. What is this baby’s 5-minute 
Apgar score?

A. 6
B. 7
C. 8
D. 9

5. You are assisting your partner on the labor-and-  
delivery ward and observe the delivery of a full-term new-
born through thick meconium. The labor-and-delivery 
nurse asks for your assistance in the initial care of this 
baby. The infant’s face is meconium stained; he has 
good muscle tone and vigorous respiratory efforts. You 
first suction his mouth and pharynx with a bulb syringe 
and then dry, warm, and stimulate him. His heart rate is 
115 bpm. What else would you do in the initial manage-
ment of this newborn?

A. Manage expectantly with oxygen as needed.
B. Provide positive-pressure ventilation via mask.
C. Intubate, then provide positive-pressure ventilation.
D. Intubate, then suction meconium from the trachea 

until clear.

6. You are assisting your partner on the 
labor-and-delivery ward and overhear a commotion 
coming from the obstetric triage bay. You rush over and 
witness the precipitous delivery of a full-term newborn 
through clear amniotic fluid to a multiparous, other-
wise healthy 30-year-old woman. The labor-and-delivery 
nurse asks for your immediate assistance in the initial 
care of this baby, while the pediatrics delivery team is 
on the way. You quickly provide an initial assessment of 
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the newborn and find that the baby is gasping, is limp 
with poor muscle tone, and has central cyanosis. You 
first position his airway in a “sniffing position,” clear 
his airway by suctioning his mouth and pharynx with 
a bulb syringe, and then dry, warm, and stimulate him. 
His heart rate is 70 bpm, assessed via palpation of the 
umbilical cord. What would be your next step in the 
management of this newborn?

A. Obtain IV access and administer epinephrine 
0.01 mg/kg.

B. Intubate and administer epinephrine 0.1 mg/kg via 
endotracheal tube.

C. Begin chest compressions at a rate of 100/min.
D. Begin positive-pressure ventilation via mask at a rate 

of 40 breaths/min.

7. You are asked by your pediatric surgeon colleague to 
assess a 2-day-old, full-term neonate for an add-on tho-
racic surgery case tomorrow. The surgeon tells you that 
this procedure is somewhat urgent as the lesion com-
municates with the airways such that gas trapping, lung 
overdistension, and development of respiratory distress 
are real concerns in the baby’s first few days of life. In 
addition, the surgeon describes the lesion as similar to 
bronchioles in structure, but lacking in any associated 
cartilage, bronchial glands, or alveoli (and thus does 
not participate in gas exchange). The surgeon plans on 
resecting the affected lobe via an open thoracotomy. 
What is this neonate’s most likely diagnosis?

A. Bronchopulmonary dysplasia
B. Congenital diaphragmatic hernia
C. Cystic adenomatoid malformation
D. Pulmonary sequestration

8. Which choice best matches the age (weeks after birth) 
and normal value (in g/dL) of the physiologic nadir of 
hemoglobin concentration (anemia) that is reached in 
an otherwise healthy full-term infant?

A. 5–8 weeks old; 7–8 g/dL
B. 5–8 weeks old; 10–11 g/dL
C. 9–12 weeks old; 7–8 g/dL
D. 9–12 weeks old; 10–11 g/dL

9. You are called to assist in the scheduled cesarean deliv-
ery of a 37-week postconceptual age male infant with a 
known prenatal diagnosis of congenital diaphragmatic 
hernia (CDH). Your partner is caring for the mother so 
that you can focus your attention on the infant. Which 
of the following best describes the features of a CDH?

A. The majority (90%) of CDHs occur as the right 
anterior Morgagni-type defect.

B. The left posterolateral Bochdalek-type defect is more 
likely to have concurrent congenital heart defects.

C. The Bochdalek-type defect often presents later in 
childhood with symptoms of bowel obstruction.

D. The Morgagni-type defect has a significant female 
preponderance (90%).

10. You are at the neonatal intensive care unit (NICU) 
bedside of an infant male who is having significant respi-
ratory distress and tachypnea. He was born about 12 
hours ago at 36 weeks postconceptual age to a mother 
who received routine prenatal care with the exception of 
a prenatal ultrasound. His physical exam reveals a scaph-
oid abdomen and absent breath sounds on the left side 
of his chest. A 24 g peripheral IV was placed in his right 
hand and a chest X-ray was obtained that shows bowel 
loops in the left hemithorax and deviation of the medi-
astinum to the right. A  transthoracic echocardiogram 
was obtained that did not reveal any structural cardiac 
defects and showed normal cardiac function. It also con-
firmed that the heart was deviated to the right side of 
the chest. Current vital signs include a pulse rate of 195 
beats per minute, respiratory rate of 95 breaths per min, 
preductal pulse oximetry of 76% on 8 L of oxygen via 
infant face mask, and blood pressure of 62/41 mm Hg. 
Regarding management of this neonate’s current pulmo-
nary condition, what would be the next appropriate step?

A. Perform lung recruitment maneuvers with assisted 
bag-mask ventilation and 100% inspired oxygen.

B. Perform tracheal intubation and institute 
high-frequency oscillatory ventilation.

C. Institute humidified, high-flow nasal cannula at 
50% inspired oxygen.

D. Institute humidified, high-flow nasal cannula at 
100% inspired oxygen.

11. You are consulted to preoperatively evaluate a 3-day 
old, now 26-week postconceptual age male, who was 
born with hypoplastic left heart syndrome (HLHS). He 
is on mechanical ventilation and has had no other con-
genital defects or chromosomal abnormalities discov-
ered on his initial workup. Which of the following best 
describes the physiologic response to a noxious stimu-
lus or painful surgery in a fetus or neonate?

A. High-dose fentanyl (>50 µg/kg) has been shown to 
reduce the stress-induced hyperglycemic response to 
surgery in the neonate.

B. Increases in plasma concentrations of cortisol 
and β-endorphin in response to noxious stimuli 
are demonstrated in the fetus once it reaches 
approximately 26 weeks gestational age.

C. When compared to a neonate undergoing a 
similar major surgical procedure, an adult mounts 
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a hormonal response that is 3–5 times more 
pronounced.

D. In contrast to adults, the circulatory response 
to noxious stimuli in a neonate is systemic and 
pulmonary hypotension.

12. You are evaluating a 4-month old male, ex-32-week 
premature infant (now 48 weeks postconceptual age) 
for a scheduled laparoscopic Nissen fundoplication and 
G-tube placement. The infant has severe failure to thrive 
secondary to gastroesophageal reflux disease and frequent 
vomiting episodes. The infant’s mother is very concerned 
about her son receiving anesthesia for his upcoming sur-
gery because she heard from a friend that “anesthesia 
causes brain damage in babies.” Based on current evidence 
regarding anesthesia and neurotoxicity in the developing 
brain, which would be the best response to address the 
mother’s concerns and identify your anesthetic plan?

A. “Both animal and human studies have demonstrated 
no increased risk of neurotoxicity to the developing 
brain nor increased risk of developing future 
learning disabilities after prolonged exposure 
to inhalational anesthetics. Therefore, the most 
appropriate technique for your baby’s surgery is 
general endotracheal anesthesia.”

B. “Both animal and human studies have demonstrated 
no increased risk of developing future learning 
disabilities or suffering cognitive dysfunction when 
spinal anesthesia is used alone without other sedatives. 
Therefore, the most appropriate technique for your 
baby’s surgery is spinal anesthesia without sedation.”

C. “Animal studies have shown evidence of 
neurotoxicity in the developing brain after 
prolonged exposure to some anesthetic agents, but 
preterm infants experience more morbidity and 
mortality if exposed to surgery without adequate 
anesthesia. Therefore, the most appropriate 
technique for your baby’s surgery is general 
endotracheal anesthesia.”

D. “Intravenous anesthetic agents, such as ketamine, 
midazolam, and propofol, have been shown to 
be neuroprotective (preventing apoptosis) in 
animal studies—especially during periods of 
hypoxic-ischemic injury if administered before 
an inciting event. Therefore, the most appropriate 
technique for your baby’s surgery is general 
endotracheal anesthesia utilizing these agents.”

13. At what age is it acceptable to plan an elective, outpa-
tient anesthetic for a child born at 28 weeks of gestation?

A. Elective anesthetics are not acceptable in children 
under the age of 2 years due to the increased risk of 
behavioral disorders.

B. Elective anesthetics can be performed at any time 
provided the patient is admitted postoperatively.

C. Elective anesthetics can be performed most safely 
after 44 weeks postconceptual age.

D. Elective anesthetics can be performed most safely 
after 56 weeks postconceptual age.

14. The category of drugs most likely to be used in the 
treatment of apnea of prematurity is:

A. Catecholamines
B. Narcotics
C. Methylxanthines
D. Diuretics

15. In a healthy infant, born full-term, hemoglobin lev-
els will be lowest at what age?

A. 4 weeks
B. 12 weeks
C. 4 months
D. 12 months

16. What is the calculated allowable blood loss for a 
5 kg infant assuming a starting hematocrit of 40% and a 
lowest allowable hematocrit of 24%?

A. 25 mL
B. 50 mL
C. 100 mL
D. 200 mL

17. The introduction of exogenous surfactant has signif-
icantly decreased the incidence of respiratory distress 
in the preterm infant. Surfactant improves pulmonary 
mechanics by:

A. Increasing surface tension
B. Decreasing surface tension
C. Increasing compliance
D. Decreasing compliance

18. A baby born at 7 pounds is expected to be approxi-
mately how many pounds at 1 year of age?

A. 10
B. 15
C. 20
D. 25

19. The most common cause of failure to thrive in babies 
in developed nations is:

A. Prematurity
B. Infection
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C. Inborn errors of metabolism
D. Food allergies

20. A  germinal matrix hemorrhage describes what 
grade of intraventricular hemorrhage?

A. Grade I
B. Grade II
C. Grade III
D. Grade IV

21. The test most likely to confirm a diagnosis of intra-
ventricular hemorrhage in a preterm infant is:

A. Magnetic resonance imaging
B. Ultrasound
C. Complete blood count
D. CAT scan

22. A  child with which of the following syndromes is 
most likely to suffer from kernicterus?

A. Crigler-Najjar syndrome
B. Gilbert syndrome
C. Fanconi syndrome
D. Lesch-Nyhan syndrome

23. Which of the following statements describes hyper-
bilirubinemia in the preterm infant?

A. Neurologic damage is most likely to be caused by 
conjugated bilirubin.

B. Neurologic damage is most likely to be caused by 
unconjugated bilirubin.

C. Neurologic damage does not occur in babies who 
do not exhibit overt symptoms of acute bilirubin 
encephalopathy.

D. Neurologic damage from hyperbilirubinemia is 
usually temporary in preterm neonates 
because of the elasticity of their central nervous 
system.

24. Which of the following is most likely true regarding 
the ductus arteriosus and foramen ovale in a neonate 
with persistent pulmonary hypertension?

A. Ductus arteriosus is patent and foramen ovale is 
patent.

B. Ductus arteriosus is closed and foramen ovale is 
patent.

C. Ductus arteriosus is patent and foramen ovale is 
closed.

D. Ductus arteriosus is closed and foramen ovale is 
closed.

25. A baby born at 28 weeks of gestation suffered from 
meconium aspiration and developed persistent pulmo-
nary hypertension. Nitric oxide therapy was initiated. 
Nitric oxide causes pulmonary vasodilation via inhibi-
tion or activation at which enzyme?

A. Adenylate cyclase inhibition
B. Adenylate cyclase activation
C. Guanylate cyclase activation
D. Guanylate cyclase inhibition

26. Near term, the oxygen saturation of blood in the 
fetal ascending aorta is approximately:

A. 40%
B. 25%
C. 80%
D. 65%

27. Which patient is most likely presenting with persis-
tent fetal circulation?

A. Pink upper extremities, cyanotic lower extremities
B. Pink right upper extremity, cyanotic left upper extremity
C. Pink left upper extremity, cyanotic right upper 

extremity
D. Pink lower extremities, cyanotic upper extremities

28. The two most important contributing factors to the 
development of retinopathy of prematurity are:

A. Supplemental oxygen administration and gestational 
age at birth

B. Supplemental oxygen and maternal age at birth
C. Supplemental oxygen and weight for gestation at birth
D. Supplemental oxygen and maternal substance use

29. The optimum oxygen saturation for premature 
 neonates is:

A. 98%–100%
B. 92%–96%
C. 88%–92%
D. Not yet determined

30. A  3-day-old baby girl is scheduled for repair of a 
large lumbar myelomeningocele. She does not have 
other associated congenital anomalies. What is the 
most likely complication for this infant perioperatively?

A. Latex allergy
B. Cerebrospinal fluid (CSF) leak
C. Difficult intubation
D. Difficult IV access
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31. A 6-year-old boy with a history of a repaired lumbar 
myelomeningocele presents for port-A-cath replace-
ment. After uneventful induction and intubation you 
confirmed endotracheal tube (ETT) position. As you 
are securing ETT, you noticed that heart rate is 190 
bpm, blood pressure is 41/12, EtCO

2
 is 12, and the 

patient is difficult to ventilate. What is the most likely 
reason for these postinduction clinical findings?

A. Autonomic dysfunction
B. Latex anaphylaxis
C. Anesthetic overdose
D. ETT displacement

32. A 3-week-old baby born at 29 weeks of gestation was 
diagnosed with necrotizing enterocolitis and scheduled 
for emergent laparotomy. The baby is on high-frequency 
oscillator ventilation and high-dose dopamine infu-
sion. What is the next step in your anesthetic plan?

A. Transport patient to operating room on transport 
ventilator.

B. Perform spinal anesthesia to avoid general anesthetic 
toxicity.

C. Perform procedure at bedside as the patient is too 
sick to transport.

D. Keep patient on room air to avoid O
2
 toxicity.

33. What is the most likely contributing factor to devel-
opment of necrotizing enterocolitis in infants?

A. NPO status
B. Low Apgar scores
C. Extreme prematurity
D. Low birth weight

34. A 2-month-old baby boy is scheduled for a laparo-
scopic pyloromyotomy. He was born at term and has 
been healthy until 3 weeks ago when he started having 
projectile nonbilious vomiting. He was admitted for IV 
hydration 24 hours ago. What would indicate that the 
baby is underresuscitated?

A. Hematocrit 59
B. Potassium 4.1
C. pH 7.46
D. Chloride 99

35. A  6-week-old baby boy has been vomiting for 3 
weeks now and is admitted with the diagnosis of pyloric 
stenosis. Which of the following is an unlikely finding 
in this patient?

A. Metabolic alkalosis
B. Metabolic acidosis

C. CSF alkalosis
D. CSF acidosis

36. A 3-week-old 4.1 kg neonate is scheduled for resec-
tion of large sacroccocygeal teratoma. What access is 
the most desirable access for this patient?

A. 24 G hand PIV
B. 4 Fr femoral CVL
C. 4.5 Fr IJ CVL
D. 24 G scalp PIV

37. A 2-week-old 4.1 kg infant is scheduled for resection 
of large sacrococcygeal teratoma. Intraoperatively there 
is extensive hemorrhage, and you proceed with rapid 
transfusion. You are able to maintain the serum hema-
tocrit and pH within normal ranges. Suddenly, the 
patient becomes bradycardic and then asystolic. What 
is the most likely cause of cardiac arrest?

A. Hypercalcemia
B. Hypoglycemia
C. Hyperkalemia
D. Hypernatremia

38. A  term 6-day-old 2.7  kg baby with vein of Galen 
malformation is scheduled for diagnostic and possibly 
interventional angiography. The baby does not have 
associated congenital anomalies. You came to the NICU 
to preop the patient: he is intubated and has appropriate 
venous and arterial access (UVC, UAC), heart rate 190 
bpm, blood pressure 52/19, saturation 81% on 100% O

2
. 

Patient has been receiving IV hydration; glucose, elec-
trolytes, and Hgb are normal; ventilation is adequate; 
and patient is well sedated. What is the most likely rea-
son for his blood pressure and saturation?

A. Patent ductus arteriosus
B. High-output cardiac failure
C. Equipment malfunction
D. Normal blood pressure and saturation

39. What is the main goal of medical therapy in a stable 
neonate with large vein of Galen malformation?

A. Cerebral vasodilation
B. Cerebral vasoconstriction
C. Systemic vasodilation
D. Systemic vasoconstriction

40. A 2-day-old term baby is scheduled for laparotomy and 
repair of duodenal atresia. What is the most likely chro-
mosomal abnormality duodenal atresia is associated with?

A. Edward syndrome
B. Down syndrome
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C. Patau syndrome
D. Turner syndrome

41. A 3-day-old baby with vomiting and “double-bubble 
sign” on KUB was recently transferred to your hospital 
and scheduled for laparoscopy. He was born prematurely 
at 34 weeks of gestation. Pregnancy was complicated by 
oligohydramnios. You came to the NICU to assess the 
baby:  he has almond shaped eyes, flat nose, protruding 
tongue, small ears, and short stubby fingers. Genetic tests 
are pending. He is in no acute distress, on nasal cannula 
with room air, heart rate 160, blood pressure 68/31, satura-
tion 83%, with established IV access and nasogastric tube 
in situ. What is the most likely cause of the desaturation?

A. Pulmonary hypoplasia
B. Congenital heart disease
C. Low cardiac output state
D. Genetic disorder

42. A 3-week-old infant with congenital diaphragmatic 
hernia is scheduled for surgical repair in the operating 
room. He was recently decannulated from extracor-
poreal membrane oxygenation (ECMO). What will be 
part of your anesthesia plan for this patient?

A. Use of large tidal volumes
B. Permissive hypercapnea
C. Avoid placing PIVs in hands
D. Use only inhaled anesthetics

43. What is the most beneficial intervention for a criti-
cally ill 2-day-old infant with large congenital dia-
phragmatic hernia?

A. Lung protective ventilation
B. Avoidance of nitric oxide
C. Early surgical repair
D. Cardiopulmonary bypass

44. A 2-day-old neonate is scheduled for tracheoesoph-
ageal fistula (TEF) repair. You established an airway 
and are ready to position the patient for thoracotomy. 
What could be the reason for placing the patient in 
right decubitus position instead of left decubitus?

A. Long esophageal gap
B. Associated Tetralogy of Fallot
C. Bidirectional shunt across patent ductus 

arteriosus (PDA)
D. Large right pleural effusion

45. A  2-day-old neonate is scheduled for TEF repair. 
Birth weight is 1.6 kg. Your surgeon is planning to start 
the procedure with gastrostomy tube placement. What 
would be a contraindication for gastrostomy?

A. Type C TEF
B. Severe Respiratory Distress Syndrome (RDS)
C. Patient’s weight
D. Pig bronchus

46. A 5-day-old neonate is scheduled for repair of gas-
troschisis. What is the most likely cause of this defect?

A. Abdominal cavity underdevelopment
B. Thoracic cavity underdevelopment
C. Right omphalomesenteric artery ischemia
D. Failure of exocelomic space closure

47. A 2-week-old neonate with omphalocele is scheduled  
for a final abdominal closure. What would alert you intra-
operatively that the patient is not ready for the closure?

A. Hypothermia
B. Hypotension
C. Respiratory acidosis
D. Decreased urine output

48. A  2-week-old term neonate with congenital lobar 
emphysema is scheduled for urgent thoracotomy. The 
patient’s IV infiltrated and he currently does not have 
intravenous access. What is the safest way to induce 
anesthesia in this patient?

A. Rapid sequence induction
B. Awake intubation
C. Mask induction
D. IM ketamine + local

49. A 2-month-old 4.5 kg infant with congenital emphy-
sema presents for thoracoscopic lobectomy. Your sur-
geon requests lung isolation. What is the best way to 
isolate lung in this patient?

A. Place double-lumen ETT
B. Place Univent ETT
C. Place bronchial blocker intraluminally
D. Place bronchial blocker extraluminally

50. Compared to clamping the umbilical cord immedi-
ately after delivery of a normal 1 kg preterm newborn, 
which of the following is most likely to be decreased as a 
result of delaying cord clamping by 2–3 minutes?

A. Hematocrit
B. Risk of intraventricular hemorrhage
C. Apgar score
D. Blood volume

51. You are called to assist at an emergent caesarean 
delivery. The neonate has just been delivered, and 
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you begin to assess its vital signs. Despite opening 
the airway, providing tactile stimulation, and initiat-
ing positive-pressure ventilation, the neonate remains 
apneic and has a heart rate of 50 beats per minute. 
According to the 2010 American Heart Association 
Neonatal Resuscitation guidelines, which of the follow-
ing interventions is most appropriate at this time?

A. Administration of epinephrine
B. Administration of atropine
C. Administration of vasopressin
D. Initiation of chest compressions

52. A 6-week-old child with Tetralogy of Fallot is sched-
uled for a pyloromyotomy. Which of the following would 
be the best drug for induction of anesthesia in this baby?

A. Propofol
B. Ketamine
C. Sevoflurane
D. Thiopental

53. A healthy infant is undergoing a bilateral hernior-
rhaphy. After inducing general anesthesia and with 
the baby breathing spontaneously, a caudal block was 
placed for postoperative analgesia. The anesthesiolo-
gist suspects that the local anesthetic was inadvertently 
injected into the intrathecal space. Which of the follow-
ing would be the most likely manifestation of total spi-
nal anesthesia in an infant?

A. Bradycardia
B. Hypertension
C. Hypotension
D. Apnea

54. Which of the following is most likely to result from 
the administration of intravenous caffeine to an infant 
for the prevention of postoperative apnea?

A. Irritability
B. Hypoxemia
C. Hypothermia
D. Bradycardia

55. You are called to evaluate an infant in the NICU 
in preparation for surgery. The baby is a 6-hour-old, 
full-term, 2.5  kg girl with hydrocephalus and myelo-
meningocele. Which one of the following is associated 
with myelomeningocele?

A. Sleep-disordered breathing
B. Double collecting urinary system
C. Hyperkalemia after succinylcholine administration
D. Genu valgum

56. Which one of the following statements describes 
caudal blocks in neonates?

A. It is a less commonly used regional technique than 
epidurals in neonates and infants.

B. Epinephrine is not added to local anesthetic caudal 
solutions.

C. A “pop” is felt when the sacrococcygeal ligament is 
accessed.

D. Bupivicaine has a less cardiodepressant effect than 
ropivicaine.

57. Which of the following conditions is most likely to 
 contribute to the reversion to fetal circulation in a neonate?

A. Hyperthermia
B. Hypokalemia
C. Hyperoxia
D. Acidosis

58. An 8-week-old infant who was born at 34 weeks 
postconceptual age presents with an incarcerated ingui-
nal hernia. Results of preoperative laboratory testing 
include a hemoglobin concentration of 8 g/dL. Which 
of the following statements describes the neonate’s 
anemia?

A. The nadir of hemoglobin concentration due to 
“physiologic anemia” would be expected to occur at 
approximately 18 weeks following birth.

B. The severity of “physiologic anemia” is unrelated to 
gestational age at birth.

C. The shorter duration of red blood cell survival 
contributes to the development of physiologic 
anemia.

D. Iron deficiency is likely a contributing factor.

59. Which of the following is the most appropriate anes-
thetic management for a 3-week-old neonate scheduled 
for pyloromyotomy?

A. Avoidance of atropine
B. Administration of 25 µg/kg of fentanyl
C. Gastric decompression prior to induction of 

anesthesia
D. General anesthesia via laryngeal mask airway

60. Which of the following values is most likely normal 
for a 3 kg newborn of term gestation in the first 12 hours 
of life?

A. Heart rate 160 beats/min
B. Blood pressure 65/45 mm Hg
C. Respiratory rate 20 breaths/min
D. Blood volume 150 mL
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61. Which of the following is a component of the Apgar 
score for assessment of the newborn?

A. Serum glucose
B. Muscle tone
C. Blood pressure
D. Temperature

62. Which one of the following neonatal problems has 
an increased incidence in premature infants?

A. Hypermagnesemia
B. Hypercalcemia
C. Thrombocytosis
D. Apnea

63. A  4.9  kg, 2-month-old, otherwise healthy male 
infant has a right inguinal hernia. You perform a spinal 
anesthetic for the inguinal hernia repair. The nurse lifts 
the legs to place a grounding pad on the infant. Which 
one of the following options is the earliest sign of a high 
spinal in an infant?

A. Hypotension followed by decreased ventilation
B. Apnea with no change in blood pressure
C. Hypotension with no change in ventilation
D. Bradycardia

64. An 11-month-old, 10 kg male has burns to his head, 
both arms, and anterior trunk. Which one of the fol-
lowing treatment options is the most appropriate initial 
fluid replacement?

A. Begin with normal saline at 135 mL/hr and titrate 
to urine output.

B. Begin with normal saline at 40 mL/hr and titrate to 
urine output.

C. Begin with albumin 5% at 40 mL/hr.
D. Begin with D5 + 0.5 normal saline at 135 mL/hr.

65. A 6-month-old neonate with craniosynostosis is sched-
uled for a strip craniectomy. Which one of the following 
statements is true about the anesthetic management?

A. This surgery is always associated with massive 
blood loss.

B. Surgery should be deferred until 1 year of age.
C. This procedure can be done endoscopically.
D. Airway abnormalities are rarely associated with 

craniosynostosis.

66. Which of the following most accurately character-
izes the airway anatomy of a neonate compared to that 
of an adult?

A. The epiglottis is relatively shorter in a neonate than 
in an adult.

B. The larynx is located more cephalad in the neck in a 
neonate than in an adult.

C. The vocal cords are more perpendicular to the axis of 
the trachea in a neonate than in an adult.

D. The tongue is relatively smaller in a neonate than in 
an adult.

67. A 1-day-old, 3 kg neonate born at 38 weeks gestation 
presents to the operating room for congenital diaphrag-
matic hernia repair. Which statement about this patient 
is most likely true?

A. Positive pressure ventilation by mask should be 
performed prior to intubation.

B. Elevated peak inspiratory pressure predisposes to 
pneumothorax.

C. Orogastric suctioning is contraindicated.
D. The vast majority of diaphragmatic hernias occur on 

the right side of the chest.

68. A 9-month-old girl presents with a new onset of respi-
ratory distress following a 2-day history of a viral upper 
respiratory tract infection manifested by rhinnorhea 
and cough. The infant is noted to have a respiratory rate 
of 45 breaths/minute, supraclavicular retractions, and 
nasal flaring. Her temperature is 37.8°C, and she occa-
sionally has a high-pitched “barking” cough. Based on 
this information, the most likely diagnosis is:

A. Epiglottitis
B. Foreign body in trachea
C. Tracheomalacia
D. Croup

69. A 6 kg, 6-week-old male infant with a palpable epi-
gastric mass presents with a 2-day history of projectile 
vomiting. Which of the following is the most appropri-
ate initial management step?

A. Emergency pyloromyotomy
B. Intravenous administration of sodium bicarbonate
C. Intravenous administration of 0.9% sodium chloride 

solution
D. Oral administration of sodium bicitrate
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chaPter 13 ansWers

1. ANSWER: C

Glomerular filtration rate (GFR) is only 15%–30% of 
the normal adult value at birth, but only takes 5–10 days 
to improve to 50% of the adult value. However, it takes 
a much longer time to gradually attain the normal adult 
value, usually by the age of 1 year. This low GFR at birth 
vastly diminishes the neonate’s ability to concentrate 
urine (to a maximum of 200–800 mOsm/L) and excrete 
sodium and water loads. Moreover, this also impairs a 
neonate’s ability to secrete drugs.

A fetus’s kidneys are not responsible for any metabolic 
function in utero (performed by the placenta), but only 
become metabolically active after birth and separation 
from the placenta. However, the kidneys are still very 
active in utero, producing large amounts of urine, which 
maintains amniotic fluid volume. In the case of renal 
agenesis, the lack of amniotic fluid production by the kid-
neys causes Potter syndrome (pulmonary hypoplasia, 
skeletal deformities, and a disfigured face).

Since distal tubular function does not develop until 
about 32–34 weeks of gestation, preterm infants (weigh-
ing less than 1000 g) are at risk of hyperkalemia and 
dysrhythmias. In addition to immature tubular func-
tion, relative hypoaldosteronism is also thought to be a 
contributing factor to a preterm infant’s risk of developing 
hyperkalemia.

The vast majority of normal infants (90%) void within 
24 hours after birth; all should have voided by 48 hours.

K E Y FAC T S

• GFR is only 15%–30% of the normal adult value 
at birth.

• Low GFR at birth vastly diminishes the neonate’s ability 
to concentrate urine, to excrete sodium and water loads, 
and to secrete drugs.

• GFR attains normal adult value by the age of 1 year.
• Potter syndrome (renal agenesis; lack of amniotic fluid 

production by the kidneys): pulmonary hypoplasia, 
skeletal deformities, and a disfigured face.
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2. ANSWER: D

Amniotic band sequence, or Streeter anomaly, has 
a wide case-to-case presentation, but typically includes 

self-amputation of limbs or digits (and scarring) due 
to ring-like constriction from amniotic bands formed 
in utero. In addition, distal syndactyly is possible. This 
sequence can also lead to other anomalies of the head (cleft 
lip/palate), brain (hydrocephaly, anencephaly, encepha-
locele), heart, lungs, diaphragm, gut (omphalocele, gas-
troschisis), kidneys, and/or gonads. Incidence is reported 
to be 1:1200 live births, and the cause of the amniotic 
band disruption is generally unknown, although vascu-
lar, mechanical, genetic, and germ disc disruption are 
all proposed theories to explain the formation of amniotic 
bands. These bands disrupt embryonic growth, and if pres-
ent early enough in gestation can affect the development 
of internal organs. Thus, these neonates can present with 
unusual and variable malformations.

A thorough preanesthetic workup is crucial to identify 
any other organ systems that may be involved, especially 
cardiac, pulmonary, or neurologic abnormalities. This is 
important even in the child who may appear to have iso-
lated limb or digit involvement. Due to the possibility of 
head/neck/facial anomalies (and/or cleft lip/palate), the 
airway should be assessed in anticipation of a difficult 
laryngoscopy and intubation. Due to possible severe limb 
abnormalities, peripheral IV access can be challenging 
to obtain and proper positioning is important to prevent 
ischemia in limbs that may already have inherent vascular 
compromise from the disorder.

Two other associated complexes with amniotic band 
sequence include the (1)  ADAM complex (amniotic 
deformity, adhesions, and mutilation):  presents with 
amniotic deformity, cleft lip and palate, and other facial 
malformations; and (2) LBWD complex (limb and body 
wall defect): a very severe clinical presentation with death 
soon after birth from hypoplasia of all major internal organs 
and primary limb defects.

Unilateral nevus flammeus is the typical facial 
hemangioma/“port-wine stain” lesion in Sturge-Weber 
syndrome. This corresponds to the ophthalmic division 
of cranial nerve V (trigeminal nerve). This neurocutane-
ous syndrome can also include other ipsilateral vascular 
anomalies (choroid or meningeal angioma), contralat-
eral hemiparesis/hemianopia, intracranial calcifica-
tions, and severe seizures.

Intestinal malrotation or vascular rings are not com-
monly associated with amniotic band sequence.

K E Y FAC T S

• Self-amputation of limbs or digits (and scarring) due to 
ring-like constriction from amniotic bands formed in 
utero; distal syndactyly is possible.

• Can also lead to other anomalies of the head (cleft 
lip/palate), brain (hydrocephaly, anencephaly, 
encephalocele), heart, lungs, diaphragm, gut 
(omphalocele, gastroschisis), kidneys, and/or gonads.
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• These bands disrupt embryonic growth and, if present 
early enough in gestation, can affect the development of 
internal organs.

reference
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3. ANSWER: B

The Apgar score, first described by anesthesiologist 
Dr. Virginia Apgar in 1953, is still used to recognize and guide 
management of newborns who may need active resuscitation. 
The newborn is assessed at 1- and 5-minute intervals and 
evaluated based on five categories:  heart rate, breathing, 
reflex irritability, muscle tone, and color—with a score of 
0, 1, or 2 in each category and added together to give a maxi-
mum possible score of 10. However, a 1- or 5-minute Apgar 
score of 10 is rare, as it is physiologically normal for the term 
newborn to have peripheral cyanosis (acrocyanosis) beyond 5 
minutes. The pneumonic Apgar can be used to remember the 
five elements of the score (Table 13.1).

The newborn in the question stem scored 1 point in 
each category, for a total score of 5 (Answer B).

The Apgar score can be used to guide resuscitative 
efforts and care of the newborn. An infant with an Apgar 
score of 5–7, as in this case, likely has experienced mild 
perinatal asphyxia/hypoxia and usually requires more 
aggressive care in the initial resuscitation. Even though 
these newborns usually respond to tactile stimulation and 
supplemental oxygen via blow-by mask, positive-pressure 
ventilation of the lungs should be started with oxygen/
bag-mask ventilation if the newborn does not respond 
within 1 minute and if the heart rate is less than 100 bpm.

An Apgar score of 4 or below usually describes an 
infant who is cyanotic with very poor respiratory efforts. 
These newborns are moderately to severely depressed and 
need institution of positive-pressure ventilation with oxy-
gen/bag-mask ventilation within 30 seconds if, after aggres-
sive tactile stimulation, ventilation is still inadequate or 
the heart rate persists below 100 bpm. If the newborn does 
not begin adequate spontaneous respirations promptly or if 
bag-mask ventilation is ineffective, tracheal intubation or 
placement of an LMA should be undertaken. Ventilation 
rate should be kept around 40–60 breaths/minute and 
airway pressure should be adequate to achieve a prompt 
increase in heart rate to >100 bpm and/or visible chest 
rise. External chest compressions/CPR should begin if 
the heart rate remains below 60 bpm after 30 seconds of 
effective positive-pressure ventilation, according to the 
AAP’s Newborn Resuscitation Algorithm.

It is important to stress that initial care of the newborn, 
warming, drying, and providing tactile stimulation (and 
beginning bag-mask ventilation if indicated), should not 
be delayed to obtain the initial 1-minute Apgar score—it 
should begin immediately upon delivery.

K E Y FAC T S

• Recognize and guide management of newborns who 
may need active resuscitation.

• The newborn is assessed at 1- and 5-minute intervals and 
evaluated based on five categories: heart rate, breathing, 
reflex irritability, muscle tone, and color—with a score 
of 0, 1, or 2 in each category and added together to give a 
maximum possible score of 10 (see Table 13.1).
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4. ANSWER: C

The Apgar score, first described by anesthesiologist 
Dr. Virginia Apgar in 1953, is still used to recognize and 
guide management of newborns who may need active 
resuscitation. The newborn is assessed at 1- and 5-minute 
intervals and evaluated based on five categories: heart 
rate, breathing, reflex irritability, muscle tone, and 
color—with a score of 0, 1, or 2 in each category and 
added together to give a maximum possible score of 10. 
However, a 1- or 5-minute Apgar score of 10 is rare as it 
is physiologically normal for the term newborn to have 
peripheral cyanosis (acrocyanosis) beyond 5 minutes. The 
pneumonic Apgar score can be used to remember the five 
elements of the score (Table 13.1).

The newborn in the question stem scored 0 points in the 
appearance/color category, but 2 points in each of the other 
four categories for a total score of 8.

The Apgar score can be used to guide resuscitative 
efforts and care of the newborn. An infant with an Apgar 
score of equal or more than 8, as in this case, usually only 
needs routine postdelivery care clearing the airway 
if necessary, providing active drying of the skin, tac-
tile stimulation to promote breathing, and warming 
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measures to prevent hypothermia (skin-to-skin contact 
with the mother, wrapping in warm blankets, and/or plac-
ing in a radiant-warmed crib).

A newborn who is otherwise doing well but has persis-
tent central cyanosis should have a thorough workup to 
include evaluation for possible cyanotic cardiac disease, 
among other things.

It is important to stress that initial care of the newborn, 
to include warming, drying, and providing tactile stimu-
lation (and beginning bag-mask ventilation if indicated), 
should not be delayed to obtain the initial 1-minute Apgar 
score—it should begin immediately upon delivery.

K E Y FAC T S

• Recognize and guide management of newborns who 
may need active resuscitation

• The newborn is assessed at 1- and 5-minute intervals and 
evaluated based on five categories: heart rate, breathing, 
reflex irritability, muscle tone, and color—with a score 
of 0, 1, or 2 in each category and added together to give a 
maximum possible score of 10 (see Table 13.1).
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5. ANSWER: A

The initial management of a newborn after delivery (neo-
natal resuscitation) depends on whether the baby was 
born through clear or meconium stained amniotic fluid 
and whether the baby is depressed or vigorous at birth. 
The initial management of any newborn begins with 
providing a warm environment to prevent hypother-
mia (either skin-to-skin contact with the mother if the 

infant is breathing well vigorous stimulation, wrapping 
in warm blankets, or placing under a radiant warmer), 
clearing the airway if necessary (active airway suction-
ing may precipitate a vagal response and bradycardia in a 
newborn, so just wiping the baby’s mouth and face is often 
adequate—otherwise you may use bulb suction or a suc-
tion catheter if the baby has evidence of obstruction to 
spontaneous ventilation or if you are planning on institut-
ing positive-pressure ventilation), drying the baby, and 
providing tactile stimulation. These are often the only 
initial newborn care steps necessary with babies who are 
born vigorous through clear amniotic fluid. You would 
also manage expectantly with oxygen, if needed, based on 
the newborn’s other vital signs, and according to the AAP’s 
Newborn Resuscitation Algorithm.

If a baby born through clear amniotic fluid remains 
limp after the initial steps (warm, dry, stimulate), more 
aggressive tactile stimulation can be accomplished via 
slapping/flicking the bottom of the feet or rubbing 
the back. If a newborn has primary apnea (which is 
common following a period of tachypnea), these addi-
tional measures will stimulate the newborn to breathe. If 
the baby continues to have poor respiratory efforts (gasp-
ing, irregular breathing) or apnea after aggressive stimu-
lation, this describes secondary apnea and the newborn 
will need to have positive-pressure ventilation via mask 
instituted. These babies often have bradycardia (heart 
rate <100 bpm) as well.

The newborn should show a rapid and striking improve-
ment in his or her condition and heart rate after receiving 
effective positive-pressure ventilation of the lungs.

When providing positive-pressure ventilation, the 
respiratory rate should be 40–60 breaths/min. Adequate 
airway pressure is needed to gently inflate the lungs (may 
see visible chest rise). Effective assisted ventilation is evi-
dent by a newborn achieving a heart rate >100 bpm and 
sustaining that rate. There remains some controversy about 
the concentration of oxygen (21%–100%) delivered via 
positive-pressure ventilation during of newborn resuscita-
tion. Oxygen at 21% (room air) may be used initially (if an 
oxygen blender is unavailable) but should be switched to 
100% if the newborn remains bradycardic (heart rate <60 
bpm) after 90 seconds of the initial resuscitation. Likewise, 

Table 13 .1 aPgar score

0 1 2

Appearance color cyanotic or 
pale

extremities/periphery 
cyanotic, body pink

completely pink

Pulse heart rate (bpm) absent <100 >100

Grimace reflex irritability no response facial grimace actively coughing, crying

Activity Muscle tone limp extremities flexed actively moving, vigorous

Respirations Breathing effort apnea slow, irregular crying, good effort
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once pulse-oximetry is utilized (which is recommended as 
early as possible in the resuscitation), one should titrate the 
oxygen concentration according to the newborn’s preduc-
tal oxygen saturation as a function of minutes after birth, 
according to the table in the AAP’s Newborn Resuscitation 
Algorithm. Both hypoxia and hyperoxia can be harmful 
during newborn resuscitation.

The resuscitation of the newborn born through 
meconium-stained amniotic fluid has changed in recent 
years. Currently, it is advised that not every newborn born 
through thick meconium needs to be intubated with the 
trachea suctioned. If the newborn has good muscle tone 
and has vigorous respiratory efforts, you do not need 
to intubate and suction meconium from the trachea. 
You should start the initial resuscitation with clearing 
the airway by suctioning the mouth and nose (and wipe 
the face), and then provide initial newborn care as you 
would to any baby (dry, warm, and stimulate). You should 
manage expectantly with oxygen if necessary. Therefore, 
since the newborn in the question stem is vigorous with 
good respiratory efforts, Answer A would be the correct 
response.

If the baby is born through meconium-stained 
amniotic fluid and is depressed or limp, you should 
intubate and suction the trachea until meconium is 
cleared. If after clearing the airway and trachea the baby is 
still limp or depressed, you should reintubate and provide 
positive-pressure ventilation while continuing to assess the 
baby’s breathing efforts, heart rate, color, and tone.

K E Y FAC T S

• The initial management of any newborn begins with 
providing a warm environment, clearing the airway 
if necessary, drying the baby, and providing tactile 
stimulation.

• If a newborn has primary apnea, additional stimulation 
measures will be necessary to initiate breathing.

• If the baby continues to have poor respiratory efforts 
(gasping, irregular breathing) or apnea after aggressive 
stimulation, this describes secondary apnea and the 
newborn will need to have positive-pressure ventilation 
via mask instituted.

• The newborn should show a rapid and striking 
improvement in his or her condition and heart rate 
after receiving effective positive-pressure ventilation of 
the lungs.

• If a newborn born through meconium has good muscle 
tone and has vigorous respiratory efforts, you do not 
need to intubate and suction meconium from the 
trachea.

• If the baby is born through meconium-stained amniotic 
fluid and is depressed or limp, you should intubate 
and suction the trachea until meconium is cleared (see 
Table 13.2).
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6. ANSWER: D

The initial management of any newborn begins with pro-
viding a warm environment to prevent hypothermia 
(either skin-to-skin contact with the mother if the infant is 
breathing well and is vigorous, wrapping in warm blankets, 
or placing under a radiant warmer), clearing the airway if 
necessary (active airway suctioning may precipitate a vagal 
response and bradycardia in a newborn so just wiping the 
baby’s mouth and face is often adequate—otherwise you 
may use bulb suction or a suction catheter if the baby has 
evidence of obstruction to spontaneous ventilation or if you 
are planning on instituting positive-pressure ventilation, 
as in this case), drying the baby, and providing tactile 
stimulation.

Practitioners involved in the initial resuscitation of the 
newborn need to conduct their resuscitation efforts based 

Table 13 .2 InItIal neWBorn resuscItatIon stePs

VIGOROUS INFANT DEPR ESSED OR LIMP INFANT

amniotic fluid: clear clear airway if necessary (wipe face and mouth), 
dry, warm, and stimulate

Manage expectantly with o
2
 if needed

Begin with same steps as for a vigorous infant; may need 
more aggressive stimulation

May need to begin positive-pressure ventilation with oxygen 
if baby has secondary apnea

amniotic fluid: meconium 
stained

clear airway (suction mouth and nose), dry, 
warm, and stimulate

Manage expectantly with o
2
 if needed

Intubate and suction the trachea until clear of meconium
If newborn is still limp or depressed, reintubate and 
provide positive-pressure ventilation with oxygen
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on published guidelines from the AAP and their Newborn 
Resuscitation Algorithm. After the initial steps have been 
completed (warm, clear airway if necessary, dry, and stim-
ulate) and if the baby’s heart rate is below 100 bpm, or the 
baby is apneic or gasping, then positive-pressure ventila-
tion should be instituted (ideally within 30 seconds after 
birth), as in the correct Answer D.

The newborn should have a rapid and striking improve-
ment in his or her condition after receiving effective 
positive-pressure ventilation of the lungs.

When providing positive-pressure ventilation, the 
respiratory rate should be 40–60 breaths/min. Adequate 
airway pressure is needed to gently inflate the lungs (may see 
visible chest rise). To emphasize, effective assisted ventila-
tion is evident by a newborn achieving a heart rate >100 
bpm and sustaining that rate. There remains some contro-
versy about the concentration of oxygen (21%–100%) to 
deliver via positive-pressure ventilation at the beginning of 
newborn resuscitation. Oxygen at 21% (room air) may be 
used initially (if an oxygen blender is unavailable), but it 
should be switched to 100% if the newborn remains bra-
dycardic (heart rate <60 bpm) after 90 seconds after start-
ing the initial resuscitation. Likewise, once pulse-oximetry 
is utilized (which is recommended as early as possible in the 
resuscitation), one should titrate the oxygen concentration 
according to the newborn’s preductal oxygen saturation 
as a function of minutes after birth, according to the table 
in the AAP’s Newborn Resuscitation Algorithm. Both 
hypoxia and hyperoxia can be harmful during newborn 
resuscitation.

If the newborn’s heart rate is below 60 bpm after 30 
seconds of effective positive-pressure ventilation with 
oxygen, then chest compressions are begun. The com-
pression to ventilation ratio should be 3:1 so that 90 com-
pressions and 30 ventilations are given in each minute. 
It is important to coordinate ventilations with compres-
sions so that they are not delivered simultaneously (thus, 
exhalation should occur upon delivering the first chest 
compression after the ventilation is given).

Tracheal intubation should be considered at several 
points in a newborn resuscitation:

1. If positive-pressure ventilation via mask is initially 
ineffective or prolonged in duration

2. When performing chest compressions
3. For initial tracheal suctioning of meconium 

in the depressed or limp infant born through 
meconium-stained amniotic fluid

4. In certain circumstances, such as prematurity (with 
the pulmonary administration of surfactant), or 
pulmonary pathology (congenital diaphragmatic 
hernia)

Since providing effective oxygenation and ventilation 
via positive-pressure ventilation with oxygen is the most 

effective means to resuscitate the newborn (and bradycar-
dia is usually the result of hypoxemia or inadequate lung 
insufflation), drug administration is rarely indicated early 
in the resuscitation. However, if a newborn’s heart rate is 
persistently <60 bpm after providing effective ventilation 
(usually confirmed via tracheal intubation and administra-
tion of 100% oxygen) and delivering high-quality chest 
compressions, then epinephrine 0.01 mg/kg IV admin-
istration should be considered. Volume expansion (10 
mL/kg IV slowly, which may be repeated) with an isotonic 
crystalloid or blood can be considered at this juncture when 
the above resuscitation measures have failed to improve the 
newborn’s heart rate, and they also would be justified in the 
infant with signs of poor perfusion or blood loss.

Studies have shown a variable or poor clinical effect 
when epinephrine is administered via the endotracheal 
route (safety and efficacy have not been established); thus, 
it is overwhelmingly preferable to give epinephrine via the 
IV route. The recommended dose range is 0.01 to 0.03 mg/
kg per dose (of a 1:10,000 solution, which is 0.1 mg/mL). 
Administering epinephrine at a higher dose (0.1 mg/kg) 
has shown to be harmful in the resuscitation of newborns 
(worse neurologic outcome, exaggerated hypertension, and 
depressed myocardial function) and is not recommended.

K E Y FAC T S

• The initial management of any newborn begins with 
providing a warm environment, clearing the airway 
if necessary, drying the baby, and providing tactile 
stimulation.

• After the initial steps have been completed (warm, clear 
airway if necessary, dry, and stimulate) and if the baby’s 
heart rate is below 100 bpm, or the baby is apneic or 
gasping, then positive-pressure ventilation should be 
instituted (ideally within 30 seconds after birth).

• Respiratory rate should be 40–60 breaths/min.
• The newborn should show a rapid and striking 

improvement in his or her condition and heart rate 
after receiving effective positive-pressure ventilation of 
the lungs.

• If the newborn’s heart rate is below 60 bpm after 
30 seconds of effective positive-pressure ventilation 
with oxygen, then chest compressions are begun; 
compression to ventilation ratio should be 3:1 so that 
90 compressions and 30 ventilations are given in each 
minute.
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7. ANSWER: C

There are many different surgical lesions of the chest that 
may require operative treatment in the neonatal period. It is 
important to distinguish between these as they often have 
various responses to ventilation strategies and will likely 
influence clinical anesthetic management.

Congenital cystic adenomatoid malformation 
(CCAM) is the lesion described in the question stem and 
comprises about 25% of all congenital pulmonary malfor-
mations. It is a pulmonary lesion that is similar to bron-
chioles in structure but lacks any associated cartilage, 
bronchial glands, or alveoli (and thus does not partici-
pate in gas exchange). In fact, it is usually caused by ade-
nomatous “overgrowth” of terminal bronchioles (without 
corresponding growth of alveoli) and can resemble solid, 
cystic, or mixed masses in the thorax. A CCAM can even 
present radiographically similar to a congenital diaphrag-
matic hernia (CDH) if the CCAM is large and contains 
multiple air-filled cysts. The clinical consequence of a 
large CCAM can be very similar to that of a CDH—the 
large mass of pathologic tissue (and air-filled cysts) can com-
press and displace healthy lung tissue causing pulmonary 
hypoplasia. The blood supply of a CCAM usually origi-
nates from the pulmonary circulation.

Depending on the size of the lesion, the clinical presen-
tation of CCAM can be quite variable. The vast majority of 
neonates present with respiratory distress (from pulmo-
nary hypoplasia or compression due to mass effect and/or 
air trapping):  cyanosis, tachypnea, grunting/retraction 
with breathing, using accessory muscles for breathing, 
and failure to thrive. The clinician should also strongly 
consider the effects of mediastinal shift or the development 
of a spontaneous pneumothorax in the neonate that has 
worsening respiratory insufficiency. Again, severe CCAM 
lesions may mimic CDH in their clinical presentation (and 
the neonate may need conventional or high-frequency oscil-
latory ventilation [HFOV])—even ECMO in extremely 
severe cases).

Since very large lesions can cause fetal demise or 
hydrops fetalis (in up to 40% of these cases), open fetal sur-
gery should be considered at centers capable of performing 
such procedures. Otherwise, CCAM is an urgent lesion to 
address surgically after birth as the lesion communicates 
with the airways such that air trapping, lung overdis-
tension, and development (or worsening) of respiratory 
distress are real concerns in the neonate’s first few days 
of life. Prognosis after surgery for CCAM is contingent on 
the amount of healthy lung tissue that remains after resec-
tion (again similar to CDH), also considering that sur-
rounding lung tissue may be hypoplastic from compression 
during fetal development.

Congenital diaphragmatic hernia (CDH) devel-
ops as a consequence of failure of a portion of the fetal 
diaphragm to develop in utero, which causes herniation 

of abdominal contents into the chest and subsequent 
ipsilateral pulmonary hypoplasia and lung compres-
sion (as well as possible mediastinal shift and contralateral 
pulmonary hypoplasia in extreme cases). CDHs are most 
commonly found through the posterior left portion of the 
diaphragm ( foramen of Bochdalek)—an easy memory tool 
is to remember “ back and to the left.”

CDHs typically present either via prenatal ultrasound 
(bowel loops in the chest, hypoplasia of lung tissue, medi-
astinal shift) or shortly after birth with the infant exhib-
iting symptoms of respiratory distress and tachypnea. 
Distinguishing clinical signs include a scaphoid abdomen, 
absent breath sounds in the ipsilateral chest (with bowel 
sounds present in the chest instead), radiographic find-
ings of bowel in the chest, and mediastinal compression.

Delivering positive-pressure ventilation via bag-mask 
has the potential to worsen respiratory distress if air entry 
into the GI system causes further enlargement of bowel in 
the chest. Due to significant respiratory compromise and 
pulmonary hypertension, aggressive ventilation and oxy-
genation strategies (HFOV or ECMO) may need to be 
undertaken prior to surgical correction, and immediate tra-
cheal intubation should be performed in the neonate with 
significant respiratory insufficiency or distress.

Congenital lobar emphysema is a lesion that devel-
ops as a consequence of failure of cartilage development in 
the wall of an affected bronchus, most commonly located 
in the left upper lobe. Therefore, the wall of the bronchus 
is weakened and prone to collapse on expiration, which 
can cause a “ball-valve” obstruction and subsequent air 
trapping/lung overexpansion. In addition, other causes 
of bronchial obstruction may exist as a fetus develops, either 
from intrinsic (redundant bronchial mucosa, bronchial ste-
nosis or cysts) or extrinsic (compression from anomalous 
vasculature or mediastinal cysts/tumors) factors.

These infants can also present with tachypnea, tachycar-
dia, and other signs of respiratory distress—depending 
on the severity of the obstruction and air trapping. The 
subsequent areas of emphysematous lung can obviously 
compress healthy lung tissue on the ipsilateral side, but 
they can also cause mediastinal shift and contralateral lung 
compression/hypoplasia. Delivering positive-pressure 
ventilation risks causing worsened lung hyperinflation 
and respiratory compromise; nitrous oxide is strictly 
contraindicated, as in most of these pulmonary lesions. 
Surgical correction is usually warranted.

Pulmonary sequestration describes a nonfunctional 
mass of pulmonary tissue that does not communicate 
with the tracheo-bronchial tree; thus, air trapping does 
not occur. Patients can present in the neonatal period but 
also often present up to age 2  years with chronic cough, 
frequent pulmonary infections/pneumonia, and failure to 
thrive. Diagnosis is via CT, MRI, or angiography (to delin-
eate vascular supply, which usually originates from the 
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systemic system). Since the lesion does not communicate 
with the airways, positive-pressure ventilation should not 
exacerbate any respiratory distress. However, nitrous oxide 
can still cause trapped air pockets within the lesion to 
expand and is therefore contraindicated as well.

Bronchopulmonary dysplasia (BPD) is a chronic 
pulmonary disease of premature infants and is diagnosed 
in those that require supplemental oxygen at 36 weeks’ 
postconceptual age with an abnormal chest radiograph. 
This condition is most often present in premature infants 
that have required long-term supplemental oxygen and ven-
tilation therapy in the neonatal intensive care unit. Overall, 
affected infants may exhibit abnormal lung compliance and 
airway resistance, which can also contribute to air trapping. 
BPD can linger for years after birth and cause chronic 
hypoxemia, hypercarbia, and reactive airway disease. 
This disease process is managed medically and through 
ventilator strategies and does not typically require surgical 
correction.

For any of these lesions, a thorough preoperative eval-
uation to identify any concomitant congenital defects 
(most important being cardiac) or chromosomal anoma-
lies should be undertaken as they are not uncommon. For 
example, congenital heart defects may be found in 20%–40% 
of patients with Bochdalek-type CDH.

K E Y FAC T S

• CCAM:
• 25% of all congenital pulmonary malformations
• Similar to bronchioles in structure but lacks any 

associated cartilage, bronchial glands, or alveoli (and 
thus does not participate in gas exchange)

• Neonates present with respiratory distress (from 
pulmonary hypoplasia or compression due to mass 
effect and/or air trapping): cyanosis, tachypnea, 
grunting/retraction with breathing, using accessory 
muscles for breathing, and failure to thrive.

• The lesion communicates with the airways 
such that air trapping, lung overdistension, and 
development (or worsening) of respiratory distress are 
real concerns.

• CDH:
• Failure of a portion of the fetal diaphragm to develop 

in utero, which causes herniation of abdominal 
contents into the chest and subsequent ipsilateral 
pulmonary hypoplasia and lung compression

• Most commonly found through the 
posterior left portion of the diaphragm ( foramen 
of Bochdalek)

• Clinical signs include a scaphoid abdomen, absent 
breath sounds in the ipsilateral chest (with bowel 
sounds present in the chest instead), radiographic 

findings of bowel in the chest, and mediastinal 
compression.

• Delivering positive-pressure ventilation via bag-mask 
has the potential to worsen respiratory distress if air 
entry into the GI system causes further enlargement of 
bowel in the chest.

• Congenital lobar emphysema
• The wall of the bronchus is weakened and prone to 

collapse on expiration, which can cause a “ball-valve” 
obstruction and subsequent air trapping/lung 
overexpansion.

• Presenting signs include tachypnea, tachycardia, and 
respiratory distress.

• Delivering positive-pressure ventilation risks 
causing worsened lung hyperinflation and 
respiratory compromise; nitrous oxide is strictly 
contraindicated.

• Pulmonary sequestration:
• Nonfunctional mass of pulmonary tissue that does not 

communicate with the tracheo-bronchial tree; thus, 
air-trapping does not occur.

• Can present in the neonatal period but also often 
present up to age 2 years with chronic cough, frequent 
pulmonary infections/pneumonia, and failure to thrive.

• BPD:
• Not a surgical lesion of the chest but a chronic 

pulmonary disease of premature infants and is 
diagnosed in those that require supplemental oxygen 
at 36 weeks postconceptual age with an abnormal 
chest radiograph

• Can linger for years after birth and cause chronic 
hypoxemia, hypercarbia, and reactive airway disease.
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8. ANSWER: D

The normal decline in hemoglobin/hematocrit (physiologic 
anemia in infants) is caused by two factors:

1. A decrease in erythropoiesis
2. A diminished red blood cell life span (less significant)
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This anemia usually does not cause a decrement in 
oxygen-delivering capacity to the tissues because the 
oxygen-hemoglobin dissociation curve also shifts to the 
right as the infant ages (due to Hemoglobin A  [adult] 
replacing Hemoglobin F [fetal] and increased production 
of 2,3-diphosphoglycerate).

It usually reaches a nadir of 10–11 g/dL (hematocrit 
of 30%–33%) at 9–12 weeks of age in a full-term infant.

Preterm infants usually reach a physiologic anemia  
nadir earlier (at 4–8 weeks of age) and have hemoglo-
bin concentrations lower than full-term infants (as 
low as 8 g/dL in infants weighing from 800 to 1000 g). 
Thus, Answer A would be a correct answer for a preterm 
infant.

Recall that anemic infants (especially premature 
infants) are particularly susceptible to apneic events and 
care should be taken in the perioperative period.

Hemoglobin levels usually remain stable from 3 months 
to 2 years of age at a level of 11.5 to 12 g/dL.

K E Y FAC T S

• Hemoglobin reaches a nadir of 10–11 g/dL (hematocrit 
of 30%–33%) at 9–12 weeks of age in a full-term infant.

• Preterm infants usually reach a physiologic anemia 
nadir earlier (at 4–8 weeks of age) and have hemoglobin 
concentrations lower than full-term infants (as low as 
8 g/dL).
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9. ANSWER: B

Congenital diaphragmatic hernia (CDH) develops as 
a consequence of failure of a portion of the fetal dia-
phragm to develop in utero, which causes herniation of 
abdominal contents into the chest and subsequent ipsi-
lateral pulmonary hypoplasia and lung compression (as 
well as possible mediastinal shift and contralateral pulmo-
nary hypoplasia in extreme cases). CDHs are most com-
monly found (90%) through the posterior left portion of 
the diaphragm ( foramen of Bochdalek)—an easy mem-
ory tool is to remember “ back and to the left.” This type of 
defect, Bochdalek, is also much more commonly asso-
ciated with other congenital defects (including a 20%–
40% incidence of cardiac defects) and chromosomal 
anomalies (Trisomy 13 and Trisomy 18, among others). 
Therefore, a thorough preoperative evaluation should be 

undertaken in these patients to identify any associated dis-
ease processes.

The right anterior Morgagni-type defect is much less 
common (9%), can present later in childhood with less 
severe signs of respiratory distress, and often presents 
with symptoms of bowel obstruction as the major clinical 
feature.

There tends to be an equal to perhaps slight male 
preponderance in the incidence of CDH (which is 
1:2000–5000 live births).

CDHs typically present either via prenatal ultrasound 
(bowel loops in the chest, hypoplasia of lung tissue, medias-
tinal shift) or shortly after birth with the infant exhibiting 
significant symptoms of respiratory distress and tachypnea. 
Distinguishing clinical signs include a scaphoid abdomen, 
absent breath sounds in the ipsilateral chest (with bowel 
sounds present in the chest instead), radiographic find-
ings of bowel in the chest, and mediastinal compression 
or shift.

K E Y FAC T S

• Failure of a portion of the fetal diaphragm to develop in 
utero, which causes herniation of abdominal contents 
into the chest and subsequent ipsilateral pulmonary 
hypoplasia and lung compression (as well as possible 
mediastinal shift and contralateral pulmonary 
hypoplasia in extreme cases)

• Most commonly found (90%) through the posterior left 
portion of the diaphragm ( foramen of Bochdalek)

• This type of defect, Bochdalek, is also much more 
commonly associated with other congenital defects 
(including a 20%–40% incidence of cardiac defects) and 
chromosomal anomalies (Trisomy 13 and Trisomy 18, 
among others).

• Clinical signs include a scaphoid abdomen, absent 
breath sounds in the ipsilateral chest (with bowel sounds 
present in the chest instead), radiographic findings of 
bowel in the chest, and mediastinal compression.

• The right anterior Morgagni-type defect is much less 
common (9%), can present later in childhood with less 
severe signs of respiratory distress, and often presents 
with symptoms of bowel obstruction as the major 
clinical feature.
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10. ANSWER: B

This patient likely has a diagnosis of left posterolat-
eral Bochdalek-type congenital diaphragmatic hernia 
(CDH). Often both lungs are severely hypoplastic; there-
fore, providing adequate oxygenation and ventilation can 
be quite challenging. Delivering positive-pressure venti-
lation via bag-mask has the potential to worsen respi-
ratory distress and impair pulmonary function if air 
entry into the GI system causes further enlargement 
of bowel in the chest, aggravated mediastinal shift to 
the contralateral side and worsened lung compression. 
Immediate tracheal intubation should be performed in 
the neonate with significant respiratory insufficiency or 
distress (Answer B).

After intubation, attempts should be made to limit peak 
inspiratory pressures while delivering rapid low tidal vol-
umes in the goals of reducing the incidence of barotrauma 
and pneumothorax (which often occurs on the right/contra-
lateral side of the CDH). Allowing permissive hypercapnia 
needs to be weighed against the possibility of exacerbating 
pulmonary hypertension by causing an increase in pulmo-
nary vascular resistance (made worse by hypoxemia, signifi-
cant hypercarbia, acidosis, and hypotension).

Due to significant respiratory compromise and pulmo-
nary hypertension, aggressive ventilation and oxygenation 
strategies (HFOV or ECMO) may need to be undertaken 
prior to surgical correction. Inhaled nitric oxide may be 
beneficial in neonates who suffer from refractory pulmo-
nary hypertension.

K E Y FAC T S

• Delivering positive-pressure ventilation via bag-mask 
has the potential to worsen respiratory distress and 
impair pulmonary function if air entry into the GI 
system causes further enlargement of bowel in the chest, 
aggravated mediastinal shift to the contralateral side, 
and worsened lung compression.

• Immediate tracheal intubation should be performed in 
the neonate with significant respiratory insufficiency or 
distress.

• Aggressive ventilation and oxygenation strategies 
(HFOV or ECMO) may need to be undertaken prior to 
surgical correction.

• Inhaled nitric oxide may be beneficial in neonates who 
suffer from refractory pulmonary hypertension.
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11. ANSWER: A

Most experts agree that fetuses are able to mount a signifi-
cant physiochemical/endocrine stress response from 
noxious stimuli as early as 18 weeks gestational age. 
Various studies have been done with prolonged and repeated 
needling of the intrahepatic vein for intrauterine transfusion 
(painful stimulus) versus access via the placental cord (non-
innervated and thus not painful). There was a demonstrated 
increase in fetal plasma level of β-endorphin and norepi-
nephrine after the painful stimulus evident in fetuses 
at 18 weeks gestation, and increases in plasma cortisol 
levels in fetuses from 20 weeks gestation. Fetuses under-
going needling of the placental cord and transfusion—a 
nonpainful stimulus—failed to show a hormonal response. 
These studies show that the hypothalamic-pituitary-adrenal 
axis is certainly functional in response to noxious stimuli, even 
at a very early gestational age. Whether the fetus is able to 
perceive and be aware of the noxious stimulus as “pain” has 
yet to be delineated fully.

Interestingly, these hormonal responses (increases in 
plasma levels of β-endorphin, norepinephrine, and corti-
sol) can be partially (cortisol) or completely (β-endorphin) 
ablated by administering fentanyl to the fetus, suggest-
ing an “analgesic” effect via agonism at the µ-receptor. 
A  study done in neonates (mean gestational age of 28 
weeks) who underwent patent ductus arteriosus liga-
tion showed that fentanyl analgesia likewise prevented 
an increase in β-endorphin plasma levels in the treatment 
group versus controls. There are other studies completed 
in neonates that show benefits of fentanyl analgesia for 
painful procedures or in ventilated patients:  reduced 
neurologic sequelae, reduced lactate level, reduced cor-
tisol response, and fewer complications in the postnatal 
period.

These hormonal/humoral responses to stress can 
be three to five times greater in neonates compared 
to adults undergoing similar surgeries, with plasma 
increases of catecholamines up to 400% of baseline 
preoperative levels in those undergoing major cardiac 
surgery. In addition to increases in β-endorphin, norepi-
nephrine, and cortisol, there is also evidence of increases 
in glucagon, growth hormone, glucose, prostaglandins, 
complement, and insulin. These hormones can show a sus-
tained increase in plasma for several days in the postopera-
tive period as well. To emphasize, there is an associated 
increase in hospital mortality in neonates undergo-
ing cardiac surgery who have demonstrated increases 
in stress hormone concentrations in the perioperative 
period.

Another important consideration is the potential for 
stress-induced hyperglycemia in the perioperative 
period to worsen neurologic outcome. Neonates and 
infants can mount an extreme hyperglycemic response 
to major surgical stress by means of gluconeogenesis and 
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glycogenolysis. This hyperglycemic response has been asso-
ciated with worse neurologic outcomes—especially if the 
neonate also suffers a corresponding period of cerebral 
ischemia. As introduced earlier, the administration of 
high-dose fentanyl (>50 µg/kg) has also been shown to 
prevent the plasma level increase of many of the stress 
hormones and mechanisms that can lead to the develop-
ment of perioperative hyperglycemia. Therefore, by pre-
venting hyperglycemia due to the surgical stress response, 
fentanyl administration may lessen the risk of neurologic 
injury in the perioperative period.

As a consequence of an increase in plasma stress hor-
mones (namely, catecholamines as described earlier), infants 
and children mount a circulatory response to noxious 
stimuli via systemic and pulmonary hypertension.

K E Y FAC T S

• Fetuses are able to mount a significant physiochemical/
endocrine stress response from noxious stimuli as early 
as 18 weeks gestational age.

• Hormonal responses (increases in plasma levels of 
β-endorphin, norepinephrine, and cortisol) can be 
partially (cortisol) or completely (β-endorphin) ablated 
by administering fentanyl to the fetus, suggesting an 
“analgesic” effect via agonism at the µ-receptor.

• Other studies completed in neonates show benefits of 
fentanyl analgesia for painful procedures or in ventilated 
patients: reduced neurologic sequelae, reduced lactate 
level, reduced cortisol response, and fewer complications 
in the postnatal period.

• By preventing hyperglycemia due to the surgical stress 
response, fentanyl administration may lessen the risk of 
neurologic injury in the perioperative period.
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12. ANSWER: C

Risk of anesthetic toxicity to the immature, developing 
brain is an extremely hot topic in pediatric anesthesia today. 
“Accumulating evidence from juvenile animal models 
suggests that exposure to various anesthetic drugs above 
threshold doses and duration during a critical neuro-
developmental window in the absence of pain, induces 
widespread neuronal apoptosis, resulting in irrevers-
ible brain damage and long-term neurological sequelae 
which persist into adulthood” (Bong, Allen, Kim 
1419). Moreover, “taken together, the neurodegeneration 

precipitated by inhaled anesthetics, ketamine, and ben-
zodiazepines depends on the species, developmental 
age, the brain region, and the duration of exposure” 
(Coté, Lerman, Todres 740). A  thorough review of each 
animal study addressing this topic is beyond the scope of 
this text. However, references by Bong et al. and Sun at the 
end of this section provide in-depth discussions and cite 
articles for further reading. Also, the full scope of the cur-
rent debate and research on this topic can be found on the 
SmartTots website (http://www.smarttots.org/) sponsored 
by SaferAnesthesia, LLC and the International Anesthesia 
Research Society (IARS). It contains an impressive col-
lection of resources on this controversial topic, as well as a 
recent consensus statement from the U.S. Food and Drug 
Administration; it is an excellent educational tool for both 
clinicians and parents. Given the supporting evidence that 
anesthetic agents may cause neurotoxicity in immature 
animal models, Answer A would therefore be an incorrect 
statement.

There have been many retrospective human cohort 
studies attempting to provide a causal link between 
exposure to general anesthetic agents and the risk of 
developing future neurological deficits, but to date no 
causal links have been firmly proven. Some reports have 
suggested that either multiple anesthetic exposures or 
prolonged anesthetic exposure in infancy predisposed 
to later learning disabilities and behavioral problems 
compared with a single exposure or no exposure. However, 
other studies have suggested potential deficits in lan-
guage and reasoning at a later age when children below 
age 3 were exposed to a single anesthetic. To further con-
fuse the issue, other studies have even shown no statistical 
difference in later academic achievement (via standard-
ized test scores) in otherwise healthy children having 
anesthesia for minor surgery. Again, see the references, as 
well as the SmartTots website (http://www.smarttots.org/), 
which provide in-depth discussions of the current human 
studies.

To definitively answer the question of whether anes-
thetic exposure during infancy (at a time of rapid brain 
growth and development) directly causes learning dis-
abilities, diminished academic performance, and/or 
behavioral issues, well-designed prospective studies are 
warranted. There are two large trials that are currently 
underway that might help to prove or disprove a direct 
link between anesthesia and neurotoxicity in the devel-
oping human brain. The “GAS” study (An International 
Randomized Controlled Trial Comparing Regional and 
General Anesthesia for Effects on Neurodevelopmental 
Outcome and Apnea in Infants) is a randomized, prospec-
tive trial that will compare neurodevelopmental outcomes 
utilizing two different anesthetic techniques in infants 
undergoing inguinal herniorraphy: general anesthesia with 
sevoflurane versus subarachnoid block. The second study 
under way, the “PANDA” study (Pediatric Anesthesia and 
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NeuroDevelopment Assessment), is a large-scale, ambidi-
rectional, sibling-matched cohort study that will “examine 
the neurodevelopmental effects of exposure to general anes-
thesia during inguinal hernia surgery before 36  months 
of age” (Sun 161). Pediatric anesthesia providers eagerly 
await results from these two trials. While the statement in 
Answer B about spinal anesthesia alone not causing future 
cognitive dysfunction may be true (the “GAS” study aims to 
find out), spinal anesthesia without sedation would not be 
an appropriate technique for the child undergoing the type 
and length of procedure described in the question stem.

While it might be possible that children undergoing 
surgery as infants later develop learning, behavioral, or neu-
rologic issues, it may prove very difficult to attribute these 
problems to the anesthetic exposure alone versus the effects 
of the surgical procedure, physiologic response to surgery, 
or the debilitation of the disease state and/or hospital 
course. However, it has been shown in immature animal 
models that neuronal degeneration also occurs if an ani-
mal undergoes painful procedures without any anesthesia/
analgesia. This has been corroborated in human studies as 
well; that is, preterm infants suffer more morbidity and 
mortality if subjected to painful procedures without 
anesthesia and sedation. Therefore, providing the patient 
in the question stem with general endotracheal anesthesia, 
as in Answer C, would be a correct response to address the 
mother’s concerns. Given the description of the child’s cur-
rent poor clinical status, it would not be an appropriate 
medical treatment plan to delay the surgery until the child 
is 2 or 3 years older.

There are different animal models that demonstrate 
some anesthetic agents, namely volatiles, might actually 
possess neuroprotective properties in specific situations. 
Inhalational anesthetic agents (when administered at 1 
MAC before and during an ischemic event) have shown 
some neurologic protection in neonatal pig and rat models 
of hypoxic-ischemic neurologic injury. It has been hypothe-
sized that use of volatile agents in lieu of intravenous agents 
might be advantageous in neonatal surgeries that are high 
risk for periods of brain ischemia (major cardiac surgery, 
vein of Galen embolization, and insertion of a ventricular 
shunt are examples). Therefore, Answer D would be an 
incorrect statement.

K E Y FAC T S

• Animal models strongly suggest that exposure to 
anesthetic agents during brain development may cause 
neurotoxicity and increase the risk for later acquiring 
learning disabilities and behavior problems.

• Many retrospective human cohort studies have 
attempted to provide a causal link between exposure 
to general anesthetic agents and the risk of developing 
future neurological deficits, but to date no causal links 
have been firmly proven.

• Preterm infants suffer more morbidity and mortality if 
subjected to painful procedures without anesthesia and 
sedation.

• There are two large trials that are currently under 
way that might help to prove or disprove a direct link 
between anesthesia and neurotoxicity in the developing 
human brain.
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13. ANSWER: D

Please see discussion for Question 14.

14. ANSWER: C

Apnea is defined as the cessation of breathing for 20 sec-
onds or more. For the most part apnea is a discussion for 
preterm and former premature infants. However, postop-
erative apnea has been described in infants who were born 
full term.

The two types of apnea relevant to the neonate are 
central apnea and obstructive apnea. Obstructive apnea 
is due to an infant’s inability to maintain a patent airway. 
The primary site of airway obstruction appears to be the 
pharynx, which is the most collapsible portion of the upper 
airway. It may be due to incomplete maturation and poor 
coordination of upper airway musculature. Obstructive 
apnea can be treated with changes in head position, plac-
ing an oral or nasal airway, or administering continu-
ous positive end expiratory pressure. Most commonly, 
apnea is a mixture of obstructive and central components.

Apnea of prematurity is central apnea. Anatomically, 
there are decreased synaptic connections, decreased 
dendritic arborization, and poor myelination. Apnea 
of prematurity does resolve with maturation. In prema-
ture infants, the central chemoreceptors have an impaired 
hypercapneic ventilatory response. Premature neonates 
do not respond to increasing carbon dioxide with increases 
in respiratory rate and tidal volume as do adults and term 
neonates. Preterm infants with apnea have an even greater 
impairment of their ventilatory response to hypercarbia. 
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The slope of the carbon dioxide response curve is shifted to 
the right in infants with apnea such that infants with apnea 
will have a lower minute ventilation than their counterparts 
without apnea at the same level of carbon dioxide.

In preterm neonates, the peripheral chemorecep-
tors have an impaired hypoxic ventilatory response. 
The main peripheral chemoreceptor is the carotid body. 
The primary carotid body receptors release transmitters in 
response to hypoxia, hypercapnia, and acidosis. The periph-
eral chemoreceptors are active only at very low oxygen levels 
in the fetus and are essentially silent in the immediate post-
natal period because of the sudden increase in PaO

2
. The 

chemoreceptors reset postnatally and ultimately respond 
to a hypoxic level of 50–70  mm Hg. Preterm infants can 
become apneic when the inspired oxygen is increased suf-
ficiently to produce a physiologic denervation of peripheral 
chemoreceptors.

Preterm infants exhibit a biphasic ventilatory 
response. They will have an initial increase in ventilation 
for approximately 1 minute followed by decreased ven-
tilation. Infants born at less than 1500 g will not have an 
initial period of hyperventilation. The biphasic ventila-
tory response to hypoxia persists for 4–6 weeks in preterm 
infants. Hyperoxia blunts the peripheral chemoreceptor 
response.

Apnea is closely tied with bradycardia. In some circum-
stances, bradycardia is a response to hypoxia resulting 
from apnea. However, there is also evidence that bradycar-
dia may precede apnea or develop simultaneously in pre-
term infants.

The main treatment for apnea of prematurity is meth-
ylxanthine administration. These medications (caffeine 
and theophylline) are central stimulants and increase 
respiratory output. Methylxanthines increase minute ven-
tilation, improve carbon dioxide sensitivity, decrease 
hypoxic depression, enhance diaphragmatic activity, 
and decrease periodic breathing. Common side effects 
include tachycardia, feeding intolerance, emesis, jitteri-
ness, restlessness, and irritability. In toxic levels there may 
be cardiac dysrhythmias and seizures. These medications 
increase metabolic rate and oxygen consumption and 
have a mild diuretic effect. Caffeine has essentially replaced 
theophylline because it has fewer side effects, is better tol-
erated, and has a greater therapeutic index. Interestingly, 
methylxanthines increase the cerebral metabolic rate and 
decrease the cerebral blood flow yet have been found to have 
a protective effect on chronic hypoxia-induced white matter 
injury. Caffeine also reduces the incidence of bronchopul-
monary dysplasia and improves survival without neurode-
velopmental disability in very low birth-weight infants. The 
mechanism of action of methylxanthines is thought to be 
blockade of A2A receptors on GABAergic neurons.

Additional therapies for apnea include nasal CPAP, 
high-flow nasal cannula, low-flow nasal cannula, and 
nasal intermittent positive-pressure ventilation. Apnea 

of prematurity resolves with maturation. Usually infants 
are symptom-free around 36 weeks post postconceptual 
age. Resolution of apnea is thought to be related to myelina-
tion of the brainstem.

K E Y FAC T S

• Apnea of prematurity resolves with maturation.
• Central chemoreceptors have an impaired hypercapneic 

ventilatory response.
• Peripheral chemoreceptors have an impaired hypoxic 

ventilatory response.
• Caffeine is a methylxanthine used for treatment of apnea 

of prematurity.
• Premature infants are not candidates for outpatient 

surgery and anesthesia until they are at least 56 weeks 
postconceptual age.
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15. ANSWER: B

Hemoglobin is a complex tetrameric protein that carries 
oxygen within the body. In healthy children and adults, 
hemoglobin A predominates and is composed of two alpha 
subunits and two beta subunits. Hemoglobin F, fetal hemo-
globin, is composed of two alpha subunits and two gamma 
subunits. Hemoglobin F composes 80%–90% of the 
hemoglobin at 10–12 weeks of gestation. Synthesis of 
fetal hemoglobin occurs until approximately 38 weeks of 
gestation. At birth, fetal hemoglobin comprises 70%–80% 
and decreases to 5% at 6 months of age. Fetal hemoglobin 
is present in adults at approximately 2%.

In the fetus, hemoglobin carries oxygen from the cho-
rionic villi of the maternal placenta to the tissues. Fetal 
hemoglobin has a greater affinity for oxygen than mater-
nal hemoglobin due to its lower capacity to interact with 
2,3-diphosphoglycerate. This enables the fetal hemoglobin 
to carry oxygen away from the placenta and to the fetus.

At term, the neonate has a hemoglobin concentration of 
about 17 g/dL. As hemoglobin A replaces hemoglobin F, the 
level decreases to a nadir of 10 g/dL. This nadir is termed 
the physiologic anemia of infancy and occurs at about 8–12 
weeks of age in the healthy, term neonate. The anemia 
occurs earlier in premature infants, persists longer, and is 
more likely to be symptomatic with a decrease of hemoglobin 
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to 8 g/dL as early as the fourth week of life. The anemia 
is a result of decreased production of erythropoietin in 
response to the rapid increase in oxygen tensions at birth. 
Low levels of erythropoietin are exacerbated by transfu-
sion with adult blood, high in hemoglobin A because it has 
a lower affinity for oxygen. Thus, anemia of prematurity is 
a true anemia that may manifest with signs of tachycardia, 
bradycardia, apnea, delayed growth, and poor weight 
gain. The duration of anemia of prematurity is dependent on 
weight, gestational age, and the ongoing need for transfusion.

Physiologic anemia of infancy and anemia of prematu-
rity are both anemias due to decreased production of red 
blood cells. Alternatively, anemia may be due to increased 
destruction of red blood cells. Anemia results in impaired 
oxygen-carrying capacity of the blood with relative hypoxia. 
Physiologic responses to anemia may include increased 
heart rate (for an increase in cardiac output), increased 
oxygen extraction, increased red blood cells (RBCs), 
2,3-diphosphoglycerate, and greater production of erythro-
poietin. As the compensatory mechanisms are exhausted, 
patients will develop easy fatiguability, tachypnea, short-
ness of breath, and congestive cardiac decompensation.

Transient erythroblastopenia of childhood is an ane-
mia seen in infants and children and is caused by decreased 
RBC production. The onset is usually between 6 months 
and 3 years of age and often follows a viral illness. It is 
caused by bone marrow suppression on an immunologic 
basis. Bone marrow smear is not necessary for diagnosis but 
will show few to no reticulocytes and a deficiency of RBC 
precursors. The white blood cell (WBC) count may be nor-
mal and the platelet count may be elevated.

Another anemia caused by decreased RBC production 
is congenital hypoplastic anemia, or diamond-blackfan 
anemia. This is a severe anemia diagnosed within the first 
6 months of life. Bone marrow smear shows a deficiency of 
RBC precursors. Children with this anemia may have skel-
etal or craniofacial anomalies. Treatment includes steroids, 
transfusions, iron chelation, and stem cell transplantation.

Iron deficiency anemia can be a problem for infants who 
are fed cow’s milk without iron supplementation, as well as 
adolescent females.

Hemolytic anemia is due to increased RBC destruc-
tion. Normal RBC life span is 110–120 days. In response 
to increased destruction of RBCs, the bone marrow will 
increase production, and there will be an increase in the 
reticulocyte count in the peripheral smear. As a result of 
increased hemolysis, there will be increases in the products 
of hemoglobin metabolism. Unconjugated bilirubin con-
centration will be elevated and calcium bilirubinate gall-
stones may form. Depending on the severity of the anemia, 
treatment may range from folate supplementation to trans-
fusion or splenectomy.

Some examples of hemolytic anemia include hereditary 
spherocytosis, G6PD deficiency, thalassemia, sickle 
cell disease, autoimmune hemolytic anemia, hemolytic 

uremic syndrome, thrombotic thrombocytopenic pur-
pura, hypersplenism, DIC, and ECMO.

K E Y FAC T S

• Fetal hemoglobin has a greater affinity for oxygen than 
maternal hemoglobin (p50 of hemoglobin F is 19 mm 
Hg, p50 of hemoglobin A is 27 mm Hg).

• A term neonate has a hemoglobin of 17 g/dL.
• Physiologic nadir normally occurs between 8–12 weeks 

with a hemoglobin of 10 g/dL.
• Premature infants develop anemia earlier than term 

infants and are more likely to be symptomatic from 
anemia.
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16. ANSWER: D

A 5 kg infant is likely to be a term newborn. Therefore, the 
estimated blood volume is 80 mL/kg or 400 mL. If this 
child’s hematocrit decreased from 40 to 24, he or she had 
200 mL blood loss. One formula for calculating this is:

ABL EBV HI HL Havg= × −( )/

Where ABL is allowable blood loss, EBV is estimated 
blood volume, HI is initial hematocrit, HL is lowest hema-
tocrit, and Havg is the average of the initial and lowest 
hematocrits.

K E Y FAC T

• Allowable blood loss = Estimated blood volume × 
(HI–HL)/Havg
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17. ANSWER: B

Bronchopulmonary dysplasia is chronic lung disease 
associated with prematurity. It is defined as oxygen depen-
dence at 36 weeks post conceptual age, including oxy-
gen dependence for at least 28 postnatal days. For infants 
born prior to 32 weeks gestation, the assessment is made at 
36 postconceptual weeks. For infants born at greater than 
32 weeks gestation, assessment is made at 56 days of life.

Historically, bronchopulmonary dysplasia was a fibro-
proliferative process with epithelial metaplasia, interstitial 
fibrosis, and fibrotic air space obliteration. The pattern of 
damage was consistent with repair and response to injury. 
“Old BPD” was likely caused by volutrauma. The “new 
BPD” is characterized by a pattern of arrested develop-
ment of the airways. There is not prominent fibrosis but 
rather dilation of the alveolar ducts, which are the dis-
tal sites of gas exchange. Radiograpic findings show a fine, 
hazy parenchymal pattern with modest hyperinflation. 
Radiographic findings from the “old BPD” showed exten-
sive fibrosis, cystic emphysema, and hyperinflation.

The major contributing cause of bronchopulmonary 
dysplasia is prematurity. Other contributing factors 
include genetics, inflammation, infection, mechanical 
ventilation, and oxygen toxicity. There are some infants 
who develop bronchopulmonary dysplasia after minimal 
exposure to oxygen, ventilation, or infection. Children 
with bronchopulmonary dysplasia have a higher incidence 
of developmental abnormalities than premature children 
without bronchopulmonary dysplasia.

Ventilator-induced lung injury is an important risk 
factor for development of bronchopulmonary dysplasia via 
several mechanisms. Volutrauma describes excessively high 
tidal volumes that result in alveolar distention and injury of 
the lung periphery. Barotrauma describes the injury that 
results from high pressures during mechanical ventilation. 
Atelectotrauma refers to the shearing forces that occur 
during repetitive opening and closing of alveoli. All three 
types of ventilator-induced lung injury lead to the initiation 
of an inflammatory cascade. Additionally, high levels of 
inspired oxygen cause oxidative stress and inflammation. 
Ventilatory goals in preterm neonates include avoiding vol-
utrauma and barotrauma, maintaining positive-end expira-
tory pressure, and avoiding high inspired oxygen levels.

Permissive hypercapnia with CO
2
 levels of 45–55 mm 

Hg is potentially safe to reduce pulmonary morbidity in 
mechanically ventilated infants, but hypocapnia is not 
recommended as it has been associated with the develop-
ment of periventricular leukomalacia. Both hypocapnia 
(<39 mm Hg) and hypercapnia (>60 mm Hg) have been 
shown to increase the risk of severe intraventricular 
hemorrhage in preterm infants.

Volume-targeted ventilation has recently been dem-
onstrated to be superior to other modes of ventilation in 
reducing the incidence of death, BPD, pneumothorax, 

severe cranial ultrasound abnormalities, and hypocar-
bia. However, the ability of the anesthesiologist to deliver 
appropriate volume-targeted ventilation depends upon the 
availability of appropriate ventilators.

K E Y FAC T S

• The pathology of bronchopulmonary dysplasia is that 
of arrested development of the airways with dilation of 
alveolar ducts.

• Prematurity is the major contributing cause of 
bronchopulmonary dysplasia.

• Children with bronchopulmonary dysplasia have a 
higher incidence of developmental abnormalities than 
premature children without BPD.

• Ventilator-induced lung injury is an important risk 
factor in the development of BPD via volutrauma, 
barotrauma, and atelectotrauma.

• Volume-targeted ventilation has recently been 
demonstrated to be superior to other ventilation modes 
in reducing death, BPD, and other morbidities.
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18. ANSWER: C

Please see answer discussion for Question 19.

19. ANSWER: A

Normal, healthy infants will double their birth weight 
by 4 months of age and triple their birth weight by 1 year 
of age.

Failure to thrive (FTT) is a broad term used to describe 
a situation in which a child has inadequate caloric intake 
to meet metabolic demands. In developing countries, the 
primary risks for failure to thrive are infection and mal-
nutrition. In developed countries, the primary risks are 
preterm birth and family dysfunction. Most commonly, 
the clinical presentation is one of poor growth, which may 
be accompanied by alopecia, reduced subcutaneous fat 
or muscle mass, and dermatitis. In developing countries, 
patients may present with marasmus or kwashiorkor.

Marasmus is a form of severe malnutrition of all nutri-
ents, especially protein and carbohydrates. Children with 
marasmus appear emaciated and may have a body weight 
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reduced to less than 60% of normal. The occurrence 
increases prior to age 1. Kwashiorkor is protein-energy mal-
nutrition and is more common in children after 18 months 
of age. The caloric intake may be adequate in number but 
with inadequate protein for proper development. Both 
marasmus and kwashiorkor can lead to death in children 
if left untreated.

Essentially, the causes of insufficient growth include 
failure of a child to have adequate caloric intake, fail-
ure of a caregiver to offer adequate calories, failure of 
a child to retain and use sufficient calories, or abnor-
mally increased metabolic demands. Causes of failure to 
thrive may involve any organ system and the diagnosis can 
be elusive.

Treatment for failure to thrive involves multiple disci-
plines and possibly hospital admission if outpatient manage-
ment fails or if the malnutrition is severe. Reintroduction of 
an adequate diet should be initiated in a stepwise fashion to 
avoid refeeding syndrome.

K E Y FAC T S

• Most babies double their weight by 4 months of age and 
triple their birth weight by 1 year.

• When caloric intake does not meet metabolic demand, a 
child is at risk for FTT.

• In developed countries, prematurity and family 
dysfunction are the primary risks for FTT.

• Causes of FTT may involve any organ system, and the 
diagnosis can be elusive.

• Reintroduction of an adequate diet should be done 
slowly to avoid refeeding syndrome.
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20. ANSWER: A

There is dramatic growth and development in the cen-
tral nervous system during the third trimester with up 
to a five-fold increase in cortical gray and white mat-
ter. Cells proliferate, differentiate, and migrate and the 
vascular network develops rapidly to keep pace. Cerebral 
blood flow in late fetal life is 8–15 mL/kg per minute, 
which is significantly lower than that of adults. Blood flow 
to the cerebral cortex is even lower. The preterm neonate is 
particularly susceptible to hypoxic and ischemic insults. 
During the third trimester of development, fetuses and pre-
term neonates are most vulnerable to white matter injury. 
Periventricular leukomalacia develops as a result of injury 

and inflammation to the white matter, which results in 
neurodevelopmental delay.

“Subplate” neurons are a population of cells unique 
to neural development. They are particularly numerous 
between 22 and 36 weeks gestation and nearly absent at 
term. These neurons express neurotransmitters and growth 
factors that seem to orchestrate the migration of cells from 
the germinal neuroepithelium to distant sites such as the 
corpus callosum or thalamus. Injury to the subplate may 
result in compromised connectivity and effect changes in 
behavior, cognition, and higher cortical functions.

In the immature brain, there are highly vascularized 
areas of proliferation. Between 10 and 20 weeks gesta-
tion, neuroblasts (cerebral precursors for both gray and 
white matter) and glioblasts originate from the subven-
tricular areas. These areas are gelatinous in mid-gestation 
and solidify near term. The dense, well-developed vascular 
network from the middle and anterior cerebral arteries and 
the anterior choroidal artery drain into the venous system, 
which terminates near the head of the caudate nucleus 
where the veins join the vein of Galen. The primary bleed-
ing site in the premature brain is where the veins and cap-
illaries join. Between 25 and 32 weeks of gestation the 
germinal matrix is most prominent at the head of the cau-
date nucleus and this is the usual site for germinal matrix 
hemorrhage.

The incidence and severity of intraventricular hemor-
rhage (IVH) increases with decreasing gestational age. 
There is an overall incidence of 7%–23%. The incidence of 
grade III and grade IV hemorrhages is approximately 10%–
12% in very low birth-weight infants and has not changed 
in the last 10–15 years. Mortality is approximately 50% 
with grade IV IVH. Grade I and II IVH are not associated 
with severe neurologic sequelae, but up to 35% of survivors 
of grade III and 90% of survivors of grade IV IVH have 
poor neurodevelopmental outcomes. Intraventricular hem-
orrhage resulting in hydrocephalus that requires shunting is 
most likely to have severe neurocognitive impairment.

There are four grades used to describe intraventricular 
hemorrhage. Grade I refers to bleeding confined to the ger-
minal matrix. Grade II is bleeding at the germinal matrix 
with some hemorrhage into the ventricles. Grade III 
involves dilation of the ventricles due to hemorrhage, and 
Grade IV involves bleeding that extends into the paren-
chyma of the brain.

21. ANSWER: B

Cranial ultrasound is the diagnostic method of choice and 
can be performed at the bedside in the neonatal intensive 
care unit. All infants younger than 30 weeks gestation 
should be screened for intraventricular hemorrhage by 
ultrasound. CAT scans were used prior to the availability of 
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ultrasonography but are no longer indicated due to the risk 
of radiation exposure and cost. MRI is the diagnostic tool 
of choice for evaluation of periventricular leukomalacia. 
A complete blood count showing anemia may be the first 
sign of an intraventricular hemorrhage but does not con-
firm the diagnosis.

K E Y FAC T S

• Cerebral blood flow in late fetal life is 8–15 mL/kg per 
minute.

• The preterm neonate is particularly susceptible to 
hypoxic and ischemic insults.

• The most common site for germinal matrix hemorrhage 
is near the head of the caudate nucleus because this is 
where the germinal matrix is most prominent between 
25 and 32 weeks of gestation.

• The incidence and severity of IVH increase with 
decreasing gestational age.

• IVH resulting in hydrocephalus that requires shunting 
is most likely to have severe neurocognitive impairment.
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22. ANSWER: A

Crigler-Najjar syndrome is a rare, hereditary form of 
severe unconjugated hyperbilirubinemia that results 
from a mutation in the glucuronosyl transferase enzyme. 
Activity of the enzyme is <10% of normal, which causes 
jaundice in the neonatal period. These children are at risk 
of kernicterus. For a child without neurologic symp-
toms, treatment involves daily phototherapy treatment 
throughout childhood, exchange transfusion, early 
liver transplantation (prior to the onset of neurologic 
damage), and chronic phenobarbital therapy to stimulate 
the activity of glucuronosyl transferase. Anesthesia impli-
cations for patients with Crigler-Najjar syndrome include 
minimal fasting because the stress of fasting can increase 
plasma bilirubin concentration and the availability of 
phototherapy lights in the perioperative period.

Gilbert syndrome is a more common cause of heredi-
tary hyperbilirubinemia but is much less severe than 
Crigler-Najjar syndrome because the activity of glucuro-
nosyl transferase is approximately one third of normal 
rather than 10%. While patients with Gilbert syndrome 
are at higher risk of kernicterus than the general popula-
tion, they are unlikely to develop neurologic complications 

of hyperbilirubinemia without additional physiologic 
derangements, which stress the ability of the glucuronosyl 
transferase enzyme to conjugate bilirubin.

Fanconi syndrome is a disease of the proximal tubules 
of the kidneys. Failure of reabsorption of glucose, amino 
acids, uric acid, phosphate, and bicarbonate can result in 
multiple different complications, including renal tubular 
acidosis and rickets.

Lesch-Nyhan syndrome is a disorder of purine 
metabolism that occurs in males. The activity of the 
hypoxanthine-guanine phosphoribosyl transferase enzyme 
is decreased or absent, resulting in excess purine produc-
tion and increased concentrations of uric acid. Patients 
are developmentally delayed and may have spasticity and 
self-mutilation patterns. Death may result from renal fail-
ure. Anesthesia management involves considerations of 
renal disease as well as caution with the administration 
of exogenous catecholemines due to an enhanced stress 
response.

23. ANSWER: B

Kernicterus is a term used to describe chronic bilirubin 
encephalopathy. Clinically, patients who suffer from ker-
nicterus demonstrate extrapyramidal movement disor-
ders, including dystonia and choreoathetosis, hearing 
loss, and oculomotor paresis. The pathologic basis of dis-
ease is present in the central nervous system. In particular, 
the globus pallidus, subthalamic nucleus, brainstem nuclei, 
hippocampal CA2 neurons, and cerebellar Purkinje cells 
are affected.

Clinical jaundice is present in up to 85% of newborns 
and is generally benign. It is caused by high levels of uncon-
jugated bilirubin. Preterm neonates and babies who are 
particularly ill are most susceptible to permanent damage 
from high levels of unconjugated levels of bilirubin. Clinical 
signs of bilirubin toxicity may be nonspecific and essentially 
unapparent or may include irritability, poor feeding, and 
lethargy. More severe symptoms may include respiratory 
distress, hypotonia, hypertonia, opisthotonus, twitch-
ing of face or limbs, and a shrill, high-pitched cry. The 
classic sequelae of kernicterus is a tetrad, including athe-
toid cerebral palsy, hearing loss, impairment of upward 
gaze, and enamel dysplasia of primary teeth.

Bilirubin is a product of the degradation of hemoglobin 
and myoglobin. Unconjugated bilirubin is transported to 
the liver, where it is conjugated by the enzyme glucuronosyl 
transferase. Conjugated bilirubin is water-soluble and 
more easily excreted by the body. Unconjugated hyperbili-
rubinemia occurs with an increase in bilirubin production, 
decreased hepatic uptake of bilirubin, or decreased conju-
gation of bilirubin. Conjugated hyperbilirubinemia occurs 
with decreased canalicular transport of bilirubin, acute or 
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chronic hepatocellular dysfunction, or obstruction of the 
bile ducts. Kernicterus is the result of unconjugated 
hyperbilirubinemia.

Traditionally, the decision to treat hyperbilirubinemia 
in a newborn has been based on the total serum bilirubin 
level. However, this level is not predictive of the long-term 
neurologic impairment and potential development of ker-
nicterus. The total serum bilirubin level measures the 
albumin-bound bilirubin, whereas it is likely the unbound, 
or “free” bilirubin that causes damage to the central 
nervous system. The unbound bilirubin will equilibrate in 
concentration across the immature blood–brain barrier. 
Higher levels of unbound bilirubin will be present with 
decreased levels of albumin. An algorithm to predict the 
extent of permanent damage to the central nervous system 
has yet to be designed. There is likely a complex interaction 
between the level and duration of central nervous system 
exposure to unbound bilirubin and the innate characteris-
tics of the developing brain that may cause predilection to 
injury in one child but not another.

Bilirubin binds avidly to cell membranes and has a par-
ticular affinity for myelin-rich membranes, which explains 
the vulnerability of neurons to bilirubin toxicity. As a 
result of increased bilirubin levels, neurons have decreased 
oxygen consumption and increased release of calcium 
and caspase 3, which results in apoptosis. They also show 
decreased dendritic and axonal arborization, which suggests 
impairment of the intercellular exchange. Astrocytes, 
microglia, and oligodendrocytes are also affected by biliru-
bin toxicity in a similar manner.

The mainstay of treatment for hyperbilirubinmia and 
prevention of acute bilirubin encephalopathy is photo-
therapy. Phototherapy is generally considered benign but 
may be dangerous in preterm neonates with extremely 
low birth weight. If bilirubin levels continue to increase 
despite phototherapy, an underlying hemolytic process 
should be sought. The need for exchange transfusion has 
been greatly decreased with the advent of phototherapy. 
Double-volume exchange transfusion is recommended 
when signs of intermediate to advanced stage of acute 
bilirubin toxicity are present. Additional treatments that 
may come to light include intravenous immune globulin and 
pharmacologic therapies, including metalloporphyrins to 
reduce bilirubin production and phenobarbital to increase 
bilirubin clearance via enhanced bilirubin conjugation.

K E Y FAC T S

• Kernicterus is permanent neurologic damage resulting 
from chronic bilirubin encephalopathy.

• Preterm and sick neonates are the most susceptible to 
permanent damage from high levels of unconjugated 
levels of bilirubin.

• Clinical signs of bilirubin toxicity may be absent or 
consist of severe neurologic impairment.

• Bilirubin binds avidly to cells, especially the myelin-rich 
cells of the central nervous system.

• Crigler-Najjar syndrome is a rare, hereditary form of 
severe unconjugated hyperbilirubinemia that results 
from a mutation in the glucuronosyl transferase enzyme.
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24. ANSWER: B

When there is a failure of pulmonary vascular resistance 
to decrease after birth, the clinical diagnosis is persistent 
pulmonary hypertension of the newborn (PPHN). At 
approximately 30 weeks gestational age, pulmonary vas-
cular resistance is 2  mm Hg/mL/min/kg and falls to 
0.4  mm Hg/mL/min/kg within the first 24 hours after 
birth. High fetal pulmonary vascular resistance is caused 
by hypoxemia with an estimated PO

2
 of the fetal pulmo-

nary arteries of 20 mm Hg. After delivery, there is a marked 
rise in oxygen tension causing secretion of potent vasodi-
lators nitric oxide and prostacyclin. The increased blood 
flow leads to an increase in the cross-sectional area of the 
pulmonary vascular bed, and this remodeling of the pulmo-
nary vasculature continues until approximately 2 months of 
age, at which point normal pulmonary vascular resistance is 
estimated to be 0.2 mm Hg/mL/min/kg.

In persistent pulmonary hypertension, the ductus arte-
rious is most likely to be closed, but the foramen ovale 
would be expected to remain open due to high pulmo-
nary vascular resistance, causing high right-sided pressures 
and a resultant right-to-left shunt. This differs from persis-
tent fetal circulation in which both shunts remain open. 
However, the circumstances that lead to both persistent 
fetal circulation and persistent pulmonary hypertension are 
similar.

Neonates who are subjected to physiologic stressors 
such as hypoxia, hypercarbia, acidosis, hypothermia and 
hypoglycemia are at risk for developing persistent pul-
monary hypertension from persistent fetal circulation 
and continued overcirculation of the lungs. Patients who 
suffer from respiratory distress syndrome are particularly at 
risk for persistent pulmonary hypertension, and the condi-
tion may also be idiopathic. While persistent pulmonary 
hypertension is incompletely understood, it is known that 
there is increased muscularization of the pulmonary arte-
rial vessels, which can lead to long-term sequelae.

Treatment of persistent pulmonary hypertension is 
aimed at decreasing pulmonary vascular resistance. If 
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airway disease is a contributing factor in situations such 
as meconium aspiration, then atelectasis and intrapulmo-
nary shunting can be improved with positive end expira-
tory pressure and exogenous surfactant. Nitric oxide 
selectively decreases pulmonary vascular resistance and 
increases systemic oxygenation. The historic intervention of 
hyperventilation and hyperoxia is no longer indicated due 
to cerebral vasoconstriction and the development of neuro-
developmental problems.

Although nitric oxide has reduced the need for ECMO 
in patients with persistent pulmonary hypertension, there 
is a significant subset of patients who do not benefit from 
it. Additionally, use of nitric oxide has not been shown 
to impact development of bronchopulmonary dyspla-
sia, neurodevelopmental deficits, mortality, or long-term 
outcomes.

K E Y FAC T S

• Persistent pulmonary hypertension of the newborn is 
when pulmonary vascular resistance fails to decrease 
after birth.

• Normal pulmonary vascular resistance is approximately 
0.2 mm Hg/mL/min/kg and is generally present as of 
2 months of age.

• In persistent pulmonary hypertension, the ductus is 
likely closed and the foramen ovale is likely open.

• Long-term sequelae in persistent pulmonary 
hypertension likely result from increased 
muscularization of the pulmonary arterial vessels.
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25. ANSWER: C

Nitric oxide causes pulmonary vasodilation. It is produced 
by pulmonary vascular endothelial cells. It activates gua-
nylate cyclase, which converts guanosine triphosphate 
(GTP) to cyclic guanosine monophosphate(cGMP), 
thus decreasing smooth muscle contractility and causing 
vasodilation. Once nitric oxide diffuses into the intravas-
cular space, it binds to hemoglobin, forming nitrosylmethe-
moglobin, which is rapidly metabolized to methemoglobin 
and is excreted by the kidneys. Adenylate cyclase catalyzes 
the conversion of ATP to cAMP.

K E Y FAC T

• Nitric oxide selectively decreases pulmonary vascular 
resistance and increases systemic oxygenation via 
activation of guanylate cyclase.
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26. ANSWER: D

The major problem with persistent fetal circulation 
is potentially severe hypoxemia and compromise of 
end-organ tissue oxygenation. The normal oxygen 
saturation in the fetal aorta is 65%. In transitional cir-
culation in the first day of life it increases to 97% and 
increases to 99% within the first several days after birth. 
A return to fetal circulation means that right atrial blood, 
with an oxygen saturation of 60%–65%, mixes with the 
well-oxygenated blood heading for the systemic circulation. 
Therefore, physiologic stress can lead to a severe downward 
spiral of oxygenation as decreased PaO

2
 causes a further 

increase in pulmonary vascular resistance, which causes 
increased shunting and a further decrease in the PaO

2
.

27. ANSWER: B

Persistent fetal circulation is the postnatal occurrence 
of right-to-left shunting of blood in the presence of ele-
vated left atrial pressure. The right-to-left shunt may occur 
through the foramen ovale or a patent ductus arteriosus 
and occurs in the absence of congenital heart disease for 
this diagnosis.

In utero, gas exchange is performed by the placenta and 
not the lungs. Pulmonary vascular resistance is relatively 
high, and not more than 10% of the fetal right ventricu-
lar output circulates through the lungs. Blood returning 
from the inferior vena cava is directed by the eustachian 
valve across the foramen ovale into the left atrium and sys-
temic circulation, thus providing the brain and the heart 
with blood with the highest oxygen concentration. Blood 
returning via the subclavian vein crosses the tricuspid valve, 
enters the pulmonary arteries, and passes through the 
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ductus arteriosus en route to the rest of the body, thus sup-
plying blood with a lower oxygen content to parts of the 
body where the metabolic demands are quite low.

At birth, the first breaths of the neonate generate large 
negative intrapulmonary pressures causing inflation of 
the lungs and ultimately matched ventilation and perfu-
sion. The intrapulmonary pressure may be as large as 
80–100 cm H

2
O in order to overcome the surface tension, 

low compliance, and high resistance of the fluid-filled fetal 
lungs. Of the first several breaths, only a small fraction of 
the inspired air is expired, which enables the formation of 
residual volume and functional residual capacity. Expansion 
of the lungs increases alveolar and arterial PO

2
, causing 

dilation of the pulmonary arterioles, decreased pulmonary 
vascular resistance, and increased pulmonary blood flow.

In normal neonates, continued exposure to air, with a 
higher FiO

2
 than present in fetal circulation and a decreased 

PaCO
2
 causing an increased pH, causes continued reduction 

of pulmonary vascular resistance and continued increase in 
pulmonary blood flow. Adult levels of pulmonary vascu-
lar resistance are reached by about 2 months of age.

Persistent fetal circulation can occur through either a pat-
ent ductus arteriosus or patent foramen ovale. Under normal 
circumstances, the ductus closes within 24 hours after birth 
and completely seals within 3 weeks. The ductus closes due to 
increased PaO

2
 and the dissipation of prostaglandins from the 

placenta after clamping of the umbilical cord. The foramen 
ovale closes functionally due to increased left atrial pressure, 
which occurs with the rise in pulmonary blood flow upon the 
first few breaths after birth. As with the ductus arteriosus, the 
anatomic closure is later; thus, in circumstances of severe phys-
iologic stress, the foramen ovale and the ductus arteriosus can 
reopen, causing a return to a fetal circulatory pattern.

Physiologic stressors that can induce a return to fetal 
circulation include hypoxia, hypercarbia, acidosis, hypo-
thermia, sepsis, severe hypotension, and excessive air-
way pressures. These conditions can be met with multiple 
clinical scenarios, including meconium aspiration, dia-
phragmatic hernia, and group B Streptococcus infection.

Continued hypoxemia despite ventilation with 100% 
FiO

2
 after a severe desaturation can be explained by right-to-

left shunting of blood and return to fetal circulation. An accu-
rate diagnosis is made with the help of an echocardiogram to 
rule out cyanotic congenital heart disease. Clinically, patients 
may appear well perfused in the preductal circulation 
and cyanotic in the postductal areas. Therefore, the right 
upper extremity may be pink and the left upper extremity 
and both lower extremities may appear cyanotic.

The most important aspect of treatment for persistent 
fetal circulation in addition to supportive care is to diag-
nose and treat the underlying etiology. Patients who require 
ventilatory support will benefit from continuous positive 
airway pressure (CPAP) or the addition of positive end 
expiratory pressure (PEEP) when mechanical ventila-
tion is necessary. Critically ill neonates may need paralysis 

and sedation as part of their treatment. Nitric oxide may 
be helpful as it selectively decreases pulmonary vascular 
resistance and increases systemic oxygen levels. Other 
arterial dilators are not specific to the pulmonary vascu-
lature and result in hypotension, which precludes their 
usefulness. Severe cases of persistent fetal circulation may 
require the use of ECMO.

K E Y FAC T S

• Persistent fetal circulation is postnatal occurrence of 
right-to-left shunting of blood in the presence of elevated 
left atrial pressure.

• Right-to-left shunt is via a patent foramen ovale or a 
patent ductus arteriosus.

• In utero, less than 10% of the cardiac output passes 
through the pulmonary vasculature.

• Normally, the ductus arteriosus closes within 24 hours 
after birth due to increased PaO

2
 and the dissipation of 

prostaglandins excreted by the placenta.
• The foramen ovale closes due to increased left atrial 

pressure, which occurs with the rise in pulmonary blood 
flow upon the first few breaths after birth.
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28. ANSWER: C

Low gestational age and birth weight are major risk fac-
tors for retinopathy of prematurity due to the extent of 
retinal development and vulnerability at birth. A  lower 
birth weight is particularly relevant when a baby is small 
for gestational age. Preterm neonates experience a phase of 
low levels of IGF-1. Deficiency of IGF-1 is associated with 
poor retinal vascular growth and poor postnatal weight 
gain, which predicts the risk of retinopathy of prematurity. 
Hyperglycemia, insulin use, and the absence of omega-3 
fatty acids all increase the risk of retinopathy of prematurity.

K E Y FAC T S

• Low gestetional age and birth weight (especially small 
for gestational age weights) are important risk factors for 
the development of ROP.
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29. ANSWER: D

Retinopathy of prematurity was first described in the 
1940s concurrent with the initiation of supplemental oxy-
gen administration to preterm infants. While the oxygen 
administration did increase the survival of preterm infants, 
it clearly contributed to blindness as a result of retinopathy 
of prematurity, which was initially described as retrolental 
fibroplasia. The ideal oxygen saturation to balance the risk 
of retinopathy of prematurity against improved survival of 
premature infants is undetermined.

The neuronal and vascular development of the retina is 
disrupted in retinopathy of prematurity and compensatory 
vascularization of the retina can result in retinal detach-
ment and blindness. In utero, oxygen tension is low 
(20–30 mm Hg) and vascular growth is normal. However, 
at birth the oxygen tension increases to 55–85  mm Hg, 
which represents a relative hyperoxia in the preterm infant 
and will result in an arrest of normal retinal development. 
From about 16 to 40 weeks of gestation, the retinal vessels 
grow radially outward from the center of the optic disc.

Retinopathy of prematurity is generally described in 
two phases. The first phase is the arrest of normal retinal 
development. In the preterm neonate, hyperoxia leads to 
the suppression of oxygen-related angiogenic growth 
factors, including erythropoietin and vascular endo-
thelial growth factor (VEGF). This causes both cessation 
of the retinal growth and destruction of some of the exist-
ing retinal vessels. Other factors that likely play a role in the 
development of retinopathy of prematurity are insulin-like 
growth factor 1 (IGF-1) and omega-3 fatty acids.

The second phase begins when the retina becomes 
hypoxic due to the normal increase in metabolic activity 
combined with the poor vascularization, which is a result 
of phase 1. In response to hypoxia, there is a proliferation 
of blood vessels. However, the new vessels are leaky and 
inadequate for retinal perfusion, which results in fibrous 
scar formation and retinal detachment.

Important contributing factors for the development of 
retinopathy of prematurity include supplemental oxygen, 
gestational age and birth weight, IGF-1 and postnatal 
weight gain, hyperglycemia, insulin, and nutrition as 
well as neonatal infections. While hyperoxia is clearly a risk 
factor for arrest of retinal development, withholding oxygen 
and tolerating a relative hypoxia have been shown to increase 
mortality in the preterm neonate. Additionally, fluctuations 
in oxygen concentrations during the first few weeks of life 
can increase risk of disease development, and intermittent 
hypoxia has been associated with more severe disease.

Comorbidities of retinopathy of prematurity often 
include neurologic dysfunction, poor brain growth, necro-
tizing enterocolitis, intraventricular hemorrhage, and bron-
chopulmonary dysplasia.

Guidelines for screening for retinopathy of prematu-
rity include infants with birth weights of 1500 g or less, 
gestational age at birth of 30 weeks or less, and other 
infants who may have had an unstable clinical course 
after delivery. Treatment involves laser photocoagula-
tion of the proliferative retinal vessels. In addition 
to the risk of visual loss and blindness, patients have an 
increased risk of myopia, hyperopia, astigmatism, and 
strabismus.

K E Y FAC T S

• The incidence of retinopathy of prematurity is closely 
tied to the administration of supplemental oxygen in the 
preterm infant.

• Low gestational age and birth weight (especially small 
for gestational age weights) are important risk factors for 
the development of ROP.

• ROP is a result of arrested development of the retina 
followed by hypervascularization.

• Babies born at less than 30 weeks of gestation or under 
1500 grams should be screened for ROP.

• Treatment of ROP is laser photocoagulation
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30. ANSWER: B

Please see answer discussion for Question 31.

31. ANSWER: B

Neural tube defects (NTDs)  =  dysraphism (“defective 
fusion”) are generally midline defects that result from 
abnormal neural groove fusion during the 1st month of 
gestation and are strongly associated with folic acid defi-
ciency. They may occur anywhere along the neuroaxis from 
the head to the lower spine. Defects could be minor and 
affect only superficial bony and membranous structures 
or include large segments of malformed neural tissue (e.g., 
brain, spine).

There are three main types of NTDs:  anencephaly, 
encephalocele, and spina bifida. Anencephaly is absence 
of most of the brain and calvarium. Encephalocele is 
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protrusion of brain and CSF. Spina bifida (“spine split”) is 
the most common defect. It results from failure of posterior 
vertebral arch to fuse with subsequent herniation of spinal 
meninges (meningocele) or spinal meninges with neural 
elements of spinal cord (myelomeningocele). There are 
often accompanying central nervous system abnormalities 
at the level of the defect:  hydrocephalus, tethered cord, 
Arnold-Chiari type II malformation. As the majority 
of myelomeningoceles are in the lumbar region, common 
symptoms are urinary insufficiency with electrolyte 
abnormalities, bowel dysfunction, lower extremity 
weakness and spasticity, and thoracolumbar scoliosis 
with possible pulmonary impairment.

The spinal cord must be surgically covered within a 
few days of birth. Surgical closure of the defect is emer-
gent in infants with CSF leak age. Anesthetic consider-
ations depend on the presence of associated congenital 
anomalies, location of the defect, and the age of the 
patient (Box 13.1).

K E Y FAC T S

• Usually midline defects
• Encephalocele—protrusion of brain and CSF (occipital 

or frontal)
• Spina bifida: (1) meningocele—herniation of spinal 

meninges; (2) myelomeningocele—herniation of spinal 
cord elements with meninges

• Associated central nervous system 
defects: hydrocephalus, Arnold-Chiari II, tethered 
cord usually at lumbar region → leg spasticity, 
scoliosis, bladder and bowel dysfunction → long-term 
problems

• Anesthesia:
• Check for associated anomalies and neurologic deficits
• Check for autonomic dysfunction
• Anxiety (older kids)
• Sensitivity to anesthetics
• Assume latex allergy

Box 13.1 ANESTHETIC CONSIDER ATIONS

Infants

• Preoperative assessment for associated anomalies

• Expect sensitivity to anesthetics (e.g., hydrocephalus, Chiari, etc.)

• Anticipate difficulties with positioning (to avoid pressure on the defect and meninges rupture): position patient supine on the 
“donut” ring or lateral

• Possible difficult intubation: in case of skull involvement or lateral positioning

• If CSF leak present: replace 3rd space deficit, continue antibiotics

• Prepare for possible blood loss if venous sinuses are entered: good IV access, possible A-line

• Assume latex allergy

Older patients

• Preoperative assessment for extent of neurologic deficits, VP shunt malfunction, autonomic nervous system dysfunction, 
seizure control, lower extremities contractures, allergies

• High anxiety in older patient from multiple surgical interventions: establish rapport with whole family, premedicate

• High risk of latex allergy: assume latex anaphylaxis

• Proper positioning and padding

• Expect sensitivity to anesthetics (e.g., hydrocephalus, Chiari malformation)

• If paralysis is present, avoid depolarizing muscular blockers (succinylcholine) and decrease dose of nondepolarizing relaxants

• Anticipate respiratory problems if there is OSA or severe scoliosis

These patients require lifelong monitoring and multidisciplinary treatment for urologic, intestinal, neurologic, musculoskeletal, 
and dermatologic problems.
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32. ANSWER: C

Please see answer discussion to Question 33.

33. ANSWER: C

Necrotizing enterocolitis (NEC) is a systemic process 
related to sepsis. It affects 4000–5000 infants in the United 
States each year and up to 30% die. Main risk factors are 
prematurity (more than 80% of patients are preterm) and 
low birth weight. Others are bacterial exposure, anti-
biotic exposure changing microbiome, lack of enteral 
nutrition, and low perfusion states with hypoxemia. 
Approximately one third of infants require surgical inter-
vention. NEC is a costly condition as it leads indirectly to 
poor neurodevelopmental outcomes. Mortality is inversely 
related to gestational age.

Pathophysiology is multifactorial:  intestinal inflam-
mation and necrosis (usually of terminal ileum, cecum, 
or ascending colon) with increased mucosal permeabil-
ity and subsequent generalized infection and sepsis. 
NEC is not seen in the fetus. Thus, microbial colonization 
is a prerequisite.

NEC presents differently in term infants (within the 
first 3 days of life) and preterm infants (after 2–3 weeks). 
In term infants there is greater association with congenital 
heart, bowel and neural tube defects, premature rupture 
of membranes, chorioamnionitis, and low Apgar scores. 
Infants with isolated intestinal perforation are distinct 
from those with definitive NEC.

There are three stages of NEC (Bell, 1978): 1—  
suspected (mild) disease, 2—definitive disease 
(requires medical management), and 3—advanced dis-
ease (requires surgical management). The clinical pic-
ture includes GI symptoms like abdominal distension 
and discoloration, feeding intolerance, hematochezia, 
and nonspecific signs related to systemic inflammatory 
response: lethargy, hypo- or hyperglycemia, coagulopa-
thy, bradycardia, apnea, and hypotension. KUB reveals 
distended abdominal loops, pneumoperitoneum, and 
portal venous gas. Goals of surgery are to resect necrotic 
bowel and to decompress while preserving as much bowel 
as possible.

Monitoring includes arterial and central venous access. 
Inhalational agents are poorly tolerated. N

2
O must be 

avoided. Total intravenous anesthesia (TIVA) with opi-
ates and nondepolarizing neuromuscular agents are good 
options. Perioperative treatment focuses on evaluation and 
correction of the following disorders:

• Respiratory: Respiratory support often needed. NICU 
ventilator would provide advantages and should be 
considered. Some patients are too sick to be transported 
to the operating room (hypotension, HFO ventilation) 
and are operated on at the bedside.

• Circulatory: fluid resuscitation and vasopressors with 
inotropic effect (dopamine, epinephrine) could be 
required.

• Metabolic: Electrolyte and blood glucose monitoring are 
important as fluid shifts with electrolyte derangements 
and glucose intolerance are common.

• Hematologic: Coagulopathy with thrombocytopenia 
and anemia need to be corrected with platelets, red 
blood cells (irradiated leukoreduced and washed to avoid 
hyperkalemia), cryoprecipitate, and fresh frozen plasma.

K E Y FAC T S

• NEC is a systemic process related to sepsis. One third of 
patients require surgery. Mortality is 30%.

• Main risk factors are prematurity, low birth weight, lack 
of enteral feeds, and low perfusion states.

• Three stages of NEC (Bell): mild disease, definitive 
(require medical management), and advanced (require 
surgical management)

• Perioperative focus is correction of respiratory, 
circulatory, metabolic, and hematologic derangements.

• Postoperatively, mechanical ventilation and 
cardiovascular support are universally required in these 
infants.
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34. ANSWER: A

Please see answer discussion to Question 35.

35. ANSWER: D

Pyloric stenosis is hypertrophy of the muscular layer 
of the pylorus. It is frequent (1:500 live births) and more 
common in first-born males. There is a possible associa-
tion with maternal postnatal exposure to macrolides. 
Pyloric stenosis usually manifests itself between 2 and 6 
weeks of life as projectile nonbilious vomiting and an 
olive-shaped mass can be palpated between midline and 
right upper quadrant of the abdomen.

With this GI obstruction, the child vomits gastric fluid 
containing hydrogen and chloride, which leads to hypochlo-
remic metabolic alkalosis with CSF alkalosis. Although 
serum potassium may be normal, there is total body potas-
sium depletion. The alkalosis is worsened by paradoxical acid-
uria. Renal response to vomiting is twofold. Initially, renal 
pH is preserved by excreting alkaline urine with sodium 
and potassium loss. Then with depletion of electrolytes, 
paradoxic aciduria develops: sodium retention in proximal 
tubules retains bicarbonate due to severe chloride depletion, 
while distal tubules retain potassium in exchange for hydro-
gen. Hypocalcemia may be associated with hyponatremia.

With further fluid loss prerenal azotemia could 
develop and patients present with hypovolemic shock 
and metabolic acidosis. Hemo-concentration results in 
polycythemia. See Table 13.3.

Pyloric stenosis is not a surgical but rather a medical 
emergency. Hypokalemic hypochloremic alkalosis and 
fluid loss should first be corrected, which usually takes 
12–48 hours. Normal saline with potassium and glucose 
supplementation is used. Open or laparoscopic pyloromy-
otomy is curative. Usually general endotracheal anesthe-
sia is used, but single shot subarachnoid block has been 
described.

Anesthetic considerations:
• Full stomach precautions: proper gastric suctioning 

in supine, right and left lateral and prone position and 
rapid-sequence intubation. Awake intubation, classic 
rapid-sequence intubation (controversial in neonates in 
general), and modified rapid-sequence intubation have 
been successfully used.

• Continue fluid resuscitation perioperatively: NaCl, D5 
1/2NS + K. Avoid free water (D5).

• Avoid opiates and hyperventilation: narcotics and 
decreased PaCO

2
 worsen CSF alkalosis which can lead 

to an increased risk of postoperatve apnea.
• Short-acting inhalational agents are less likely to cause 

postoperative apnea (desflurane vs. isoflurane).
• For postoperative pain: Acetaminophen and local 

anesthetic infilration by surgeon.

K E Y FAC T S

• Very common 1:500 births, first-born males, usually 
otherwise healthy.

• Sx at 2–6 weeks of life: nonbilious projectile vomiting, 
palpable olive-shaped mass in midline/RUQ

• ↓K+ ↓Cl− metabolic alkalosis → dehydration → 
paradoxical aciduria → + metabolic acidosis

• Medical emergency: correct dehydration and electrolytes 
(NaCl + K+ + glucose)

• Anesthesia: full stomach, avoid free H
2
O (D5), 

avoid opiates and hyperventilation, and watch for 
postoperative apnea and hypoglycemia
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Table 13 .3 dehydratIon In chIldren

DEGR EE OF 

DEHYDR ATION

MILD MODER ATE SEVER E

fluid loss up to 5% of body weight 10% of body weight 15% of body weight

fluid deficit 50 ml/kg 100 ml/kg 150 ml/kg

symptoms alert, thirsty, restless lethargic but arousable, thirsty lethargic or comatose

vital signs normal Moderate tachycardia, borderline 
blood pressure, weak pulse,

postural hypotension

severe tachycardia, hypotension,
weak pulses, tachypnea, cold skin, 
decreased turgor

uoP 1–2 ml/kg per hour <1 ml/kg per hour minimal

urine specific  
gravity

1.02 1.025–1.030 >1.030
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36. ANSWER: C

Please see answer discussion for question 37.

37. ANSWER: C

Sacrococcygeal teratomas (SCTs) are the most common 
congenital neoplasm (1:40,000 infants, 95% females). 
SCTs are usually diagnosed in infancy but may present at 
2 years of age. Most tumors are initially benign; however, 
after 2 months of age they often transform into malignancy. 
Teratomas usually arise from embryologically multipotent 
cells from the Hensen node, which is located in the coccyx, 
and vary with the amount of internal and external extension. 
Blood supply is from the middle sacral artery and branches 
of the internal iliac artery. Associated congenital anomalies 
are common in patients with anorectal malformations.

High perinatal mortality is a result of high-output 
CHF, preterm delivery due to polyhydramnios and 
hydrops, anemia from hemorrhage into tumor, dysto-
cia, and tumor rupture. Postnatal clinical presentation 
includes visible tumor itself and multiple organ dysfunc-
tion if tumor extends into spine, pelvis, and/or abdo-
men:  lower-extremity pain, numbness and weakness, 
respiratory compromise from diaphragm displacement, 
high-output CHF from AV fistulas inside the tumor, bowel 
obstruction, renal dysfunction from postrenal obstruction, 
anemia, and coagulopathy.

Treatment is surgical (prenatal or postnatal) and preop-
erative radiologic embolization. Treatments in utero include 
cyst aspiration, open fetal surgery, endoscopic laser, 
and radiofrequency ablation. Preoperative emboliza-
tion can reduce intraoperative blood loss and enable faster 
and safer resection of the tumor. Surgical approach is either 
from rectum in prone position for small teratomas or via 
laparotomy to first ligate feeding vessels and mobilize larger 
tumors. The coccyx must be removed to avoid recurrence. 
Bleeding can be massive, and adjacent structures (bowel, 
bladder, and presacral nerve plexus) are distorted and prone 
to injury. Long-term issues involve lower spine and pelvic 
organ dysfunction and cosmetically unacceptable scars.

Anesthetic considerations:
• Possible multiple position changes intraop: supine to 

prone position
• GETA with IV or inhalation induction
• Modified rapid-sequence induction if GI tract is 

compressed
• Neuroaxial techniques are not recommended due to 

spinal malformations and coagulopathy
• Good IV access in SVC basin + radial A-line(s): 

preferably all access above the diaphragm in case of 
arterial and/or venous blood supply compromise around 

the tumor; aortic compression may be neccessary, and 
IVC injury is possible

• Be ready for massive blood loss and coagulopathy.
• Treat and prevent hyperkalemia from tumor 

lysis syndrome and rapid transfusion by using 
washed PRBCs.

• Correct hypocalcemia and acidosis.
• Prevent and treat hypothermia.

K E Y FAC T S

• Most common congenital neoplasm: initially benign → 
malignant after 2 months (↑ serum α-fetoprotein)

• Grows from coccyx, blood supply from sacral artery and 
branches of internal iliac artery

• Sx: tumor + internal and external extension + 
high-output CHF + anemia + coagulopathy

• Treatment: (1) fetal interventions; (2) postnatal 
resection of tumor and coccyx

• Anesthesia: supine and/ or prone position, GETA, 
rapid-sequence induction, upper body large IVs, 
radial A-line(s); be ready for massive blood loss and 
coagulopathy and watch for increased K, decreased Ca, 
increased temp

references

Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for Infants 
and Children. 8th ed. St. Louis, MO: Elsevier Mosby; 2011:588.

Holzman R, Mancuso TJ, Sethna NF, DiNardo JA, eds. Pediatric 
Anesthesiology Review. Clinical Cases for Self-Assessment. New York, 
NY: Springer; 2010:167.

Kim J, Gwak M, Park JY, Kim HJ, Lee YM. Cardiac arrest during 
excision of a huge sacrococcygeal teratoma—a report of two cases. 
Korean J Anesthesiol. 2012;63(1):80–4.

38. ANSWER: B

Please see answer discussion for Question 39.

39. ANSWER: C

Vein of Galen aneurysmal malformation (VGAM) is an 
arteriovenous fistula of the median prosencephalic vein 
(MPV)—a precursor of the vein of Galen, occurring at 6–11 
weeks of gestation. The MPV fails to regress, becomes 
aneurysmal, and drains via the straight sinus or a persistent 
falcine sinus as the vein of Galen does not form (while there 
should be no drainage into the deep venous system). It is rare 
(<1:25,000 deliveries) and accounts for less than 1%–2% of all 
intracranial cerebral vascular malformations but for ~30% of 
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these malformations in the pediatric population. The differ-
ential diagnosis cerebral AVMs and cerebral vascular tumors.

Diagnosis is often made with third-trimester antena-
tal ultrasound. VGAM lead to hydrops fetalis and fetal 
cardiomegaly. In the neonatal period, usual presentation 
is high-output CHF due to a large left-to-right shunt. As 
much as 80% of cardiac output may shunt through the 
fistula. Decreased coronary perfusion (from diastolic run-
off directly from aorta into carotid arteries and VGAM) 
and volume and pressure overload (from significant left-to-
right shunt and pulmonary vasoconstriction) puts myocar-
dium at risk for ischemia. Right-to-left shunt across PFO 
and PDA due to high RV and pulmonary pressures contrib-
utes to systemic hypoxemia and pulmonary hyperten-
sion. Excessive cerebral blood flow in VGAM leads to (1) 
increased cerebral venous pressure that adversely affects 
regional cerebral blood flow; and (2) intracerebral arte-
rial steal that results in watershed ischemia and periven-
tricular leuomalacia.

Clinical presentations vary with the type of malformation:

•  Neonatal: choroidal type: cranial bruit, 
high-output CHF

•  Infant: mural type: hydrocephalus due to venous 
HTN or aqueduct stenosis

•  Child: mural type: developmental delay, 
hydrocephalus

Diagnostic modalities are CT angiography, MRI/
MRA, and cerebral angiography (gold standard). Prior 
to endovascular intervention mortality was 100% with-
out treatment and 90% in surgical attempts. Ideally arte-
rial and/or venous embolization with coils and acrylic 
glue is deferred until cavernous sinus matures (6 months). 
If CHF is refractory to medical management, emboliza-
tion is performed sooner. Hydrocephalus is typically not 
shunted as this may exacerbate cerebral ischemia and risk 
of intraventricular hemorrhage (IVH). Radiosurgery is lim-
ited to patients who are not candidates for other treatment 
modalities. Prognosis varies based on severity of CHF, 
CHF-related multiorgan dysfunction (respiratory, renal, 
hepatic, coagulation, etc.), and associated congenital anom-
alies and does not exceed 60% at most.

The main goal of medical management is to balance the 
circulation in a patient with intracranial vasodilation 
and systemic vasoconstriction, causing hypoperfusion. 
Vasodilation (ideally in combination with inotropic sup-
port) lowers high systemic vascular resistance (SVR) and 
improves systemic and coronary perfusion and acidosis. 
Milrinone, systemic vasodilators (sodium nitroprusside 
[SNP], nitroglycerine [NTG]), low-dose dopamine, and 
prostaglandin E1 can be used. β-adrenergic agents (dobu-
tamine, dopamine, or epinephrine) are not well toler-
ated as they induce tachycardia, shorten diastolic time, and 

worsen subendocardial ischemia and diastolic function. 
Inhaled nitric oxide alone is not helpful in reducing high 
PVR but can be used in combination with other agents.

CHF associated with VGAM appears more severe and 
less manageable medically than most congenital heart 
defects: in VGAM volume overload is obligatory and con-
tinues despite increases in PVR. As a result, stabilization of 
neonates before neurointervention or neurosurgery is dif-
ficult and cardiac failure is often resistant to treatment.

If patients survive CHF early on, complications are 
developmental delay, ischemic and/or hemorrhagic 
strokes, hydrocephalus, vascular complications due to 
repeat access for the neurointervention, and respiratory 
problems related to prolonged ventilation.

K E Y FAC T S

• Intracranial vascular anomaly (aneurysmal AV fistula of 
median prosencephalic vein = vein of Galen precursor)

• Accounts for 30% of pediatric cerebral vascular 
malformations

• Left-to-right shunt (up to 80% of cardiac output) 
through malformation leads to high-output CHF and 
CHF-related multiorgan failure

• Right-to-left shunt across PFO and PDA can worsen 
hypoxemia and pulmonary hypertension

• Therapy consists of CHF management and staged 
endovascular embolization

• CHF management consists of milrinone, low-dose 
dopamine, SNP, NTG, PgE1, ±iNO

• β-adrenergic agents may worsen myocardial ischemia
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40. ANSWER: B

Please see answer discussion to Question 41.

41. ANSWER: B

Duodenal atresia is a type of intestinal obstruction. It is 
one of the most common anomalies in newborns and infants. 
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The incidence is 1:10,000 to 1:40,000 and frequently asso-
ciated with Down syndrome (~30%), congenital heart 
disease, cystic fibrosis, renal anomalies, intestinal mal-
rotation, and especially midline defects such as esopha-
geal atresia and imperforate anus. A membranous web or 
an annular pancreas can also be associated with obstruction 
of the duodenum. Symptoms vary depending on the degree 
of obstruction (stenosis vs. atresia). Usually neonates present 
with symptoms of upper bowel obstruction: bilious vom-
iting (usually within first 2 days of life), decreased bowel 
sounds, abdominal distention, and radiographic signs of 
gas-filled loops of bowel (“double-bubble sign”—air-filled 
and distended stomach and proximal duodenum) and no gas 
below duodenum. Babies may or may not pass meconium.

Mortality is low. Isolated Down syndrome or duodenal 
obstruction does not influence morbidity. Most deaths are 
attributed to associated anomalies and prematurity. Delay 
in diagnosis leads to disturbance of fluid and electrolyte 
balance, increased abdominal distention with subsequent 
respiratory compromise, and high risk for aspiration pneu-
monia, intestinal perforation, necrosis of the bowel, and sep-
ticemia. Improvement in survival rates is a result of prompt 
surgical repair after optimization of the metabolic status 
and advances in neonatal care such as high-frequency ven-
tilation, surfactant supplementation, nutritional support, 
pediatric anesthesia, and sophisticated cardiac surgery.

Duodenoduodenostomy is the most commonly per-
formed procedure to address duodenal atresia. It may be 
performed via a right upper quadrant incision, an umbilical 
incision, or laparoscopically.

Intraoperative management is usually general endotra-
cheal anesthesia. As with any neonatal surgery, tempera-
ture control, electrolyte balance, adequate ventilation, 
and anemia correction are paramount. Intraoperatively, 
a transanastomotic feeding tube is placed for enteral feeds 
and nasogastric tube for stomach decompression. Some 
patients require prolonged total parenteral nutrition due to 
ileus, pancreatitis, cholecystitis, and megaduodenum.

K E Y FAC T S

• Common type of intestinal obstruction
• Frequent associated anomalies (particularly Trisomy 

21–30%)
• Bilious vomiting, dehydration, “double-bubble” 

sign on KUB
• Medical emergency; outcome depends on prematurity 

and associated anomalies

references

Holzman R, Mancuso TJ, Sethna NF, DiNardo JA, eds. Pediatric 
Anesthesiology Review. Clinical Cases for Self-Assessment. New York, 
NY: Springer; 2010:296–7.

Motoyama EK, Davis PJ, eds. Smith’s Anesthesia for Infants and 
Children. 7th ed. St. Louis, MO: Mosby; 2006:557–8.

Mustafawi AR, Hassan ME. Congenital duodenal obstruction in chil-
dren: a decade’s experience. Eur J Pediatr Surg. 2008;18(2):93–7.

42. ANSWER: B

Please see Answer Discussion for Question 43.

43. ANSWER: A

Congenital diaphragmatic hernia (CDH) is a defect in 
the diaphragm that leads to extrusion of intraabdominal 
organs into the thoracic cavity. It is a severe defect and is 
and associated with pulmonary hypoplasia, pulmonary 
hypertension, congenital anomalies (cardiac, GI, GU, 
skeletal, neural, trisomic), and significant morbidity and 
mortality. Incidence is 1:3000 live births. CDH is usually 
an isolated lesion but may be associated with other anoma-
lies (~20%). The most common diaphragmatic defect is left 
Bochdalek’s hernia (posterolateral), then Morgagni 
(anteromedial), and paraesophageal.

Pathophysiology:  herniated midgut (sometimes with 
left liver lobe, stomach, spleen, and left kidney) occupies 
left (usually) chest cavity → interferes with lung develop-
ment (bilaterally), shifts mediastinum contralaterally → 
persistent pulmonary HTN. Prognostic parameters for 
severity of pulmonary hypoplasia are LHR = lung-to-head 

figure 13.1 Abdominal radiograph of a neonate with congenital 
duodenal atresia demonstrating a classic double-bubble sign (arrows). 
Note that the remainder of the bowel is devoid of air, indicating 
complete obstruction. (From Bachiller PR. In: Cote CJ, Lerman J, 
Anderson B, eds. Practice of Anesthesia for Infants and Children. 5th ed. 
Philadelpia, PA: Saunders Elsevier; 2013:746–765.)
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circumference, diameter of proximal pulmonary artery 
(prox PA) to descenting aorta (desc Ao), intrathoracic liver 
position.

Prenatal ultrasound detects up to 60% of CDH. 
Postnatal presentation is cyanosis, dyspnea, dextrocar-
diac, scaphoid abdomen, decreased breath sounds, and 
bowel sounds in the chest. Chest X-ray: mediastinal shift 
and bowel loops in the thorax.

Fetal interventions are experimental:  fetoscopy with 
tracheal occlusion aims to improve lung growth by promot-
ing lung fluid accumulation. Postnatal treatment goals are 
to stabilize cardiorespiratory status (oxygenate, prevent 
right-to-left intracardial shunt, control pulmonary HTN) 
first and only then perform surgical repair. Immediate sur-
gery carries high risk and does not instantaneously improve 
pulmonary compliance and function. Preoperative treat-
ment employs early intubation, protective ventilation 
strategies in order to decrease baro- and volutrauma to 
both lungs (low Vt, adequate PEEP with low peak inspi-
ratory pressures, permissive hypercapnea), alternative 
ventilation techniques (HFOV), use of inhaled nitric 
oxide (iNO; which is still controversial), inotropic and 
vasopressor support, and ECMO (usually venoarterial) as 
a rescue pre- or postoperatively. Despite the obvious goals 
of therapy, there are significant variations in therapeutic 
approach between institutions.

Surgery should be delayed as long as 2–3 weeks until 
PVR has decreased, ventilation can be maintained with 
low peak inspiratory pressure (<25 cm H

2
O) and low FiO

2
 

(<0.5) on conventional ventilator, and cardiac status is sta-
ble. As infants rarely tolerate one-lung ventilation, usually 
surgical approach is open via abdominal, thoracotomy, or 
thoracoabdominal incision with closure of diaphragmatic 
defect. If infants do not tolerate primary abdominal clo-
sure, patch closure is attempted in order to prevent abdomi-
nal compartment syndrome.

Anesthetic considerations:

• Location varies: NICU versus operating room
• Avoid lower extremities access: possibility of abdominal 

compartment syndrome
• Keep adequately anesthetized: usually total intravenous 

anesthesia
• Continue protective ventilation strategy and 

monitor pulmonary compliance, use ICU ventilator; 
communicate with surgical team

• Watch for contralateral pneumothorax
• Try to keep PVR low: ↑FiO

2
, ↓PaCO

2
 (balance with 

permissive hypercapnia), avoid hypothermia and light 
anesthesia, ±iNO

• Maintain SVR, adequate cardiac rate, and contractility
• Treat anemia, coagulopathy, pH, and electrolyte 

abnormalities

Patients with CDH are at high risk for long-term pul-
monary (obstructive lung disease, reactive airway disease, 
decreased inspiratory muscle strength), GI (oral aversion, 
GERD, growth failure), musculoskeletal (pectus cari-
natum, pectus excavatum, scoliosis), and neurocognitive 
disorders (developmental delay, behavioral disorders with 
prevalent language and motor problems).

K E Y FAC T S

• Defect in diaphragm → extrusion of abdominal content 
into thorax → pulmonary hypoplasia, pulmonary HTN, 
associated anomalies, high mortality/morbidity

• Usual defect is left foramen of Bochdalek 
(posterolateral)

• Prognostic for pulmonary HTN: LHC, prox PA/desc 
Ao diameter, liver in the chest

• Bad prognosis in preemies, low birth weight, 
P(A-a) > 500

• Treatment: (1) stabilize cardiorespiratory status → 
(2) surgery in 2–3 weeks once patient is stable

• Preoperative Rx: protective ventilation strategies, 
HFOV, ±iNO, inotrops/vasopressor, VA ECMO

• Surgery delayed for 2–3 weeks → open repair.
• Anesthesia: NICU vs. OR, total intravenous anesthesia, 

no access in LEs, use ICU vent, protective ventilation 
strategies, monitor pulmonary compliance, keep PVR 
low, ±iNO, maintain SVR/HR/contractility, correct 
Hgb/pH/electrolytes, avoid ↓To, communicate with 
surgeon

figure 13.2 Chest radiograph of a neonate with a left diaphragmatic 
hernia. Note shifting of trachea and bronchi into the right chest 
(arrow). (From Bachiller PR. In: Cote CJ, Lerman J, Anderson B, eds. 
Practice of Anesthesia for Infants and Children. 5th ed. Philadelpia, 
PA: Saunders Elsevier; 2013:746–765.)
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44. ANSWER: B

45. ANSWER: B

Tracheoesophageal fistula (TEF) and esophageal atre-
sia (EA) incidence is 1:3000 to 1:4000 births. They com-
monly (25%) coexist with other congenital anomalies and 
are a part of VACTERL (vertebral, anal, cardiac, tra-
cheoesophageal, renal, limb) association. Incidence of 
defects is particularly high in isolated EA—type F TEF 
(50%–70%) but less common with H-type fistula (E-type 
TEF). The most common anomaly includes cardiac defects 
(30%–35%): VSD, ASD, Tetralogy of Fallot, AV canal, 
and coarctation of aorta. Mortality associated with TEF/
EA generally depends on patient’s weight and the severity of 
the associated heart disease.

The embryogenesis of TEF/EA remains incompletely 
defined. Respiratory system grows from the foregut with 
later physical separation. As trachea and esophagus fail to 
separate, differentiation of both respiratory and esophageal 
components usually does not occur. In these conditions, 
distal esophagus might be of embryonic lung tissue. That 
explains such clinical findings as poor esophageal motil-
ity, GERD, esophageal stenosis, and pseudostratified epi-
thelium (respiratory) rather than squamous epithelium 
(esophageal).

As a fetus with esophageal obstruction is unable to 
swallow amniotic f luid; maternal polyhydramnios 
could develop and TEF would be suspected pre-
natally. Postnatal diagnosis depends on the specific 
anatomy of the TEF/EA. Usually newborns present 
with excessive drooling, cyanotic spells, coughing, 
and swallowing problems. Suction catheter cannot be 
placed down the esophagus and advanced into stomach. 
When a radiopaque catheter is used, it will reveal the 
catheter in a blind esophageal upper pouch. If TEF is 
present, a plain “babygram” will reveal gas in the stom-
ach and intestines.

Repair of TEF/EA is urgent but not emergent except 
in cases of severe respiratory insufficiency. Preoperative 
management includes upright positioning to minimize 
GERD, NPO, intermittent suctioning of the upper 
esophageal pouch, and antibiotic therapy to treat aspira-
tion pneumonia and sepsis. Optimally, a total repair is 
accomplished as a one-stage procedure: TEF is ligated and 
esophagus is primarily anastomosed. If the infant is too 

sick to tolerate thoracotomy, gastrostomy is performed 
under local anesthesia to decompress distended stomach 
and patient is stabilized for 1–3  days. In neonates with 
severe RDS, gastrostomy placement can compromise 
ventilation due to loss of the volume from the trachea 
via TEF directly into the stomach instead of the diseased 
noncompliant lungs. In long-gap EA primary anastomo-
sis needs to be delayed and multiple-step repair needed. 
If delayed anastomosis is planned, initial surgery includes 
TEF ligation and G-tube placement. Later on at a few 
months of age, the esophagus is either directly anasto-
mosed or bridged with an interposed bowel segment or 
stomach graft. Currently, new approaches focus on induc-
ing growth of esophagus by placing internal or external 
traction sutures, esophageal anastomosis without disrup-
tion of the wall by myotomies, and placing esophageal 
junction below the diaphragm.

The specific plan for fistula evaluation before the 
procedure should be discussed with the surgical team. 
Preoperative rigid bronchoscopy is often performed by 
the surgeon. Induction with preserved spontaneous ventila-
tion is preferred in order to avoid abdominal overdistension 
through TEF. Then the trachea is intubated with the tip of 
the ETT just below the TEF or into left mainstem bron-
chus in preparation for the right thoracotomy (rather than 
left because of associated congenital heart disease and pos-
sible right sided aortic arch) or thoracoscopy. Some consider 
awake intubation the safest way to secure airway. Some sur-
geons place 2Fr Fogarty catheter into TEF to occlude it 
and ensure good ventilation. Many infants do not tolerate 
one-lung ventilation, and operative lung reexpansion dur-
ing surgery helps with desaturations. Good IV access and 
arterial line are obtained. Use of precordial stethoscope 
placed on the left side of the chest is helpful in monitoring 
dependent lung ventilation.

Postoperatively, infants are often left intubated due to 
pulmonary compromise from aspiration. Regional anesthe-
sia is an option if spinal and other skeletal anomalies have 
been ruled out. Long-term complications include but are 
not limited to tracheomalacia at the level of TEF, anasto-
motic leaks, esophageal strictures, esophageal dysmotility, 
abnormal lower esophageal sphincter, and scoliosis after 
posterolateral thoracotomy.

K E Y FAC T S

• One third are associated with heart defects; 25% with 
VACTERL.

• Prenatal association with maternal polyhydramnios
• C-type of TEF is the most common.
• Symptoms: drooling, cough, suction catheter “sits” in 

blind proximal to esophageal pouch; unable to pass into 
stomach

• Repair is not emergent unless there is severe RDS

 

 

 

 

 



13 .   neonatal  •   387

• In neonates with severe RDS, gastrostomy placement 
can compromise ventilation due to loss of the volume 
from the trachea via TEF directly into the stomach 
instead of the diseased noncompliant lungs

• Aspiration pneumonia and sepsis are major risks.
• Preoperative management: upright position, NPO, 

suction proximal esophageal pouch, antibiotics
• Long-gap EA: multiple-step repair: TEF ligation, 

possible G-tube if delayed esophageal anastomosis
• Until TEF is ligated, preserve spontaneous ventilation to 

avoid stomach overdistension.
• Discuss with surgeon plan to evaluate the fistula and 

need for rigid bronchoscopy.
• Try to position ETT just below TEF.
• Use precordial stethoscope.

See Figure 7.3 in Chapter 7, Gastrointestinal System, for 
anatomic classification of anomalies of the esophagus and 
trachea.
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46. ANSWER: C

47. ANSWER: B

The table below deliniates the differences between ompha-
locele and gastroschisis, defects in the abdominal wall. 
They are caused by occlusion of the omphalomesenteric 
artery during gestation in the case of gastroschisis or 
failure of gut migration from the yolk sac in the case of 
omphalocele. Preoperatively the goal is to diagnose asso-
ciated anomalies, minimize injury to the bowel, fluid 
resuscitate, maintain normothermia, and treat sepsis. 
The eventual surgical goal will be to reduce protruding 
viscera and repair the abdominal wall defect. If the defect 
is small, primary abdominal repair is done. If the defect 
is large and a significant portion of abdominal content is 
externalized, a staged repair with use of silo (silastic or 
Teflon) and gradual return of abdominal organs into the 
abdomen is performed. Placement of a silo is done in deliv-
ery room or NICU and does not require the presence of an 
anesthesiologist.

These patients are considered to have a full stom-
ach. Metabolism of drugs metabolized by the liver may 
be decreased if intra-abdominal pressure is too high. In 
gastroschisis or ruptured omphalocele there can be large 
insensible fluid losses, requiring intensive fluid resuscita-
tion. There is also a high risk of sepsis.

(A) (B)

figure 13.3 (A) The three most common forms of esophageal atresia are presented. The most common form (approximately 85%) consists of 
a dilated proximal esophageal pouch and a fistula between the distal trachea and distal esophagus (left). The second most common form 
consists of esophageal atresia alone (middle). Neonates with tracheoesophageal fistula alone (right) often present with pneumonia as the initial 
manifestation. (B) The classic presentation is of a newborn with excessive secretions who spits up during the initial feeding; inability to pass 
a nasogastric tube (arrow) is pathognomonic. (A, from Coran AG, Behrendt DM, Weintraub WH, Lee DC. Surgery of the Neonate. Boston, 
MA: Little, Brown; 1978:46. B, courtesy Dr. Daniel P. Doody. In: Bachiller PR. In: Cote CJ, Lerman J, Anderson B, eds. Practice of Anesthesia for 
Infants and Children. 5th ed. Philadelpia, PA: Saunders Elsevier; 2013:746–765.)

 

 

 

 



Table 13 .4 aBdoMInal Wall defects

OMPHALOCELE GASTROSCHISIS

definition Midline defect of umbilical ring > 4 cm with bowels (may or may 
not include stomach and liver) herniating into intact umbilical sac

see figure 13.4 (a)

right paraumbilical full thickness abdominal 
wall defect with evisceration of bowel (small 
and large)

see figure 13.4 (c)

description umbilical cord inserted into sac.
The gut is covered with umbilical sac:
three-layer membrane (peritoneum, Wharton’s jelly, amnion), 
unless ruptured

umbilical cord is normal and separate from 
defect.

Bowels are exposed and inflamed.

cause abnormal fusion of myotomes forming abdominal 
wall musculature

right omphalomesenteric artery or umbilical 
vein ischemia

associated anomalies often
(cardiac, vascular, renal, genital, neuro, etc.)

rare
(intestinal atresia, malrotation)

surgical emergency? no no

Medical emergency? no
as long as the umbilical sac is intact

yes
high risk of sepsis as bowels are exposed

surgical repair for small defects: primary repair
for large defects: staged repair with use of silo and gradual return of organs into abdomen

complications depends on associated anomalies (unless sac ruptured) depends on the bowel damage

(A) (B)

(C)

figure 13.4 (A) Omphalocele covered with a membranous sac; the defect arises at the umbilicus. (B) Ompahlocoele with associated exstrophy of the 
bladder. (C) Gastroschisis; note the absence of a membranous sac. In contrast to omphalocele, the gastroschisis anomaly is periumbilical. (From 
Bachiller PR. In: Cote CJ, Lerman J, Anderson B, eds. Practice of Anesthesia for Infants and Children. 4th ed. Philadelpia, PA: Saunders Elsevier; 
2013:746–765.)
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Forcing viscera into the underdeveloped abdominal cav-
ity and tight closure of the defect may produce abdominal 
compartment syndrome (ACS) and restrict diaphrag-
matic excursion with compression of the lungs. Thus, 
the cooperation between surgeon and anesthesiologist is 
important to assess feasibility of a primary closure. During 
closure, the anesthesiologist must monitor airway pres-
sures to identify decreased pulmonary compliance, and 
watch for signs of ACS (increase in intragastric pressure 
>20 cm H

2
O, decreased renal perfusion and perfusion 

to lower extremities, decreased venous cardiac return). 
An arterial catheter helps with blood sampling and blood 
pressure monitoring. After the surgery, patients are usually 
kept ventilated for at least 1–2 days. Due to postoperative 
ileus, total parenteral nutrition is usually required for days 
to weeks.

K E Y FAC T S

Omphalocele (see Table 13.4):

• Midline defect with umbilical cord inserted
• Bowels are covered with umbilical sac
• High risk of associated congenital anomalies

Gastroschisis (see Table 13.4):

• Defect of full thickness of abdominal wall to the right of 
umbilicus

• Bowels are not covered, exposed and inflamed > high 
risk of sepsis

• Associated anomalies are rare
• Both are medical emergencies. Both are full stomach.
• Silo is placed in NICU > staged reduction of abdominal 

content > eventual abdominal closure in operating room
• Intraop: watch for abdominal compartment syndrome 

and impaired ventilation
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48. ANSWER: B

Congenital lobar emphysema (CLE) refers to postnatal 
overdistension and progressive air trapping of one or 
more lung lobes with compression of other lung tissue, 
contralateral mediastinal shift, impaired venous return, 
secondary hypoxia, and hypotension. The key feature 
is communication of emphysematous low-compliance 

lobe with bronchial tree with presumable mechanism of 
an obstructive check valve mechanism at a bronchial level 
(obstruction, cartilage deficiency, dysplasia, and imma-
turity). Most cases are idiopathic. Most commonly upper 
lobes are involved (left upper, right middle, right upper). 
There is male predisposition 3:1.

Patients typically present with respiratory distress 
between the neonatal period and 6  months of life. 
Often congenital lobar emphysema is a neonatal surgi-
cal emergency. Surgical resection of the affected lobe is 
curative. Chest radiography demonstrates hyperinflation 
of affected lobe(s), and CLE is frequently confused with 
pneumothorax.

Preoperative evaluation depends of the degree of patient 
distress. An arterial line is indicated in addition to standard 
monitors. If peripheral IV access is adequate, central line is not 
indicated. Nitrous oxide is avoided to prevent further hyperin-
flation of the affected lobe. Anesthesia induction is critical and 
needs to be smooth. Either inhalation or intravenous agents 
could be used. Positive-pressure ventilation should be min-
imized to prevent further hyperinflation of affected lobe. 
The surgeon needs to be present for anesthetic induction in 
case the lobe expands suddenly and chest needs to be opened 
immediately to relieve the pressure. For maintenance of anes-
thesia, a combination of intravenous and inhalation anesthet-
ics or total intravenous anesthesia could be used. Isoflurane is 
considered a preferred inhaled anesthetic due to less attenua-
tion of hypoxic pulmonary vasoconstriction. Single-lung ven-
tilation might be required. The addition of regional anesthesia 
to general is beneficial:  epidural (directly placed or caudally 
threaded), intercostal and paravertebral blocks, and intrapleu-
ral infusions have all been described. In most cases, patients 
can be extubated at the end of the procedure.

Differential diagnosis includes other congenital condi-
tions with air trapping:  congenital cystic adenomatoid 
malformation (CCAM)/congenital pulmonary airway 
malformation (CPAM), pulmonary sequestration, pul-
monary arterial hypoplasia, pulmonary hypoplasia, and 
bronchial atresia.

Congenital cystic lesions: bronchogenic, dermoid, cystic.
Bronchogenic cysts result from abnormal branching of 

the tracheobronchial tree causing lung compression, respi-
ratory distress, recurrent pneumonias, atelectasis.

Dermoid cysts are clinically similar to bronchogenic 
cysts but originate from nonciliated respiratory epithelium.

Congenital cystic adenomatoid malformations 
(CCAMs) are structurally similar to bronchioles but 
lack alveoli. They are comprised of different sized air and 
fluid-filled cysts. They communicate with the airway and 
may become overdistended.

Pulmonary sequestration—nonfunctional mass of 
lung tissue from disordered embryogenesis supplied by 
anomalous systemic arteries which leads to cough, pneu-
monia, and failure to thrive before 2 years old. If there is 
no communication with the airway, there is no risk of 
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hyperinflation. Chest CTA or MRI/MRA can help delin-
eate vascular supply to the lesion.

K E Y FAC T S

• Hyperinflation and progressive air trapping of affected 
lobe can cause compression of lung, mediastinal shift, 
impaired venous return

• Respiratory distress occurs in neonates—6 months old, 
could be a neonatal emergency

• Treatment: thoracotomy or thoracoscopy with 
lobectomy

• Induction is critical: minimize positive-pressure 
ventilation until chest is open and have surgeon present 
for induction in case of pneumothorax

49. ANSWER: D

Lung isolation and one-lung ventilation (OLV) is a 
challenge in pediatric patients in general and in neonates 

and small infants in particular. Small airway size requires 
appropriately small devices (tubes, blockers, fiberoptic 
bronchoscope [FOB]). As OLV is difficult to achieve and 
at times is not tolerated by neonates, many pediatric sur-
geons prefer insufflation of the chest with low-flow 
CO

2
 (1–2 L/min), peak pressure 4–6 mm Hg in 30- to 

45-degree prone position to induce adequate lung col-
lapse. See Table 13.5.

There are fewer options to isolate the lung in neonates 
and infants than in older children: (1) to mainstem a reg-
ular ETT or (2)  place a balloon-tipped bronchial blocker 
(Fogarty embolectomy catheter, arrow end-hole balloon 
wedge catheter, or Arndt bronchial blocker = Cook endo-
bronchial blocker) inside or outside of regular ETT. See 
Table 13.6.

Use of other devices has been described for lung isolation 
in pediatric patients:  Edwards atrioseptostomy catheter, 
Swan-Ganz pulmonary artery catheter as balloon-tipped 
bronchial blockers, and Marraro pediatric bilumen tubes 
(used for babies of 1.4 kg and above; not commercially avail-
able in the United States).

(B)

(A)

figure 13.5 (A) Radiograph from an infant with congenital lobar emphysema demonstrates hyperinflation of the left lung with herniation across the 
midline (arrows) and mediastinal shift. (B) Intraoperative photograph shows the emphysematous lobe bulging through the thoracotomy incision. 
(From Coté CJ. The anesthetic management of congenital lobar emphysema. Anesthesiology. 1978;49:296.)

 

 

 



Table 13 .5 devIce selectIon for one-lung ventIlatIon 
In chIldren (ModIfIed)

AGE OLV AIRWAY DEVICE

less than 2 years selective endobronchial intubation
fogarty catheter (4 fr) as a bronchial blocker

2–6 years fogarty catheter (4 fr or larger) as a bronchial blocker
Wire-guided endobronchial blocker (5 fr)

6–10 years Wire-guided endobronchial blocker (5 fr or larger)
univent tube (3.5 Id) equivalent in size to 6.0 uncuffed ett

over 10 years Wire-guided endobronchial blocker (5 fr or larger)
univent tube
double-lumen tube (26 fr or larger)

Table 13 .6 lung IsolatIon In neonates and sMall Infants

DEVICE ADVANTAGES DISADVANTAGES

regular ett placed 
into mainstem 
bronchus

easy to use as does not require special 
equipment (+/- foB)

technique of choice in emergent situations

difficult to achieve good seal with uncuffed ett
operative lung cannot be suctioned
operative lung cannot be actively deflated
If used on the right side, tend to occlude origin of right upper 
lobe bronchus with subsequent right upper lobe atelectasis and 
hypoxemia

If used on the right side and patient has a pig bronchus, right 
upper lobe cannot be deflated

5 fr (the smallest) 
arndt bronchial 
blocker, cook 
critical care

can be placed 
inside or outside of 
regular ett

external diameter 
(ed) with balloon 
deflated is 2.5 mm

length of the elliptical 
cuff is 1.0 cm

Max volume of the cuff 
is 3.0 ml

suction port allows for lung suctioning and 
lung deflation

styletted (stylet can be bent to facilitated 
placement)

elliptical shape cuff conforms to bronchial 
lumen once inflated

comes with multiport adapter with 
tuohy-Borst connector of the blocker port 
that allows ventilation during blocker 
placement and seal around the blocker

can place inside or outside of regular ett. 
If ett is too small for available foB, 
blocker could be placed under fluoroscopy 
(if necessary with radiocontrast dye inside 
the balloon)

Potential for upper airway injury by compression if ett is not 
properly downsized

requires small foB to confirm the position
requires minimum 5.0 ett for intraluminal placement to 
accommodate the blocker (external diameter 2.5 mm) and 
smallest foB (2.2 mm).

ed of blocker (with balloon deflated) is 2.5 mm which makes it 
unsuitable for many premature and small infants.

If available foB does not fit through ett (with blocker placed 
intra- or extraluminally), blocker needs to be positioned under 
fluoroscopy

Balloon length is 1.0 cm, which is too long for a neonate and 
corresponds to the length of the right mainstem bronchus of a 
2-year-old child

2, 3, 4 fr fogarty 
catheter

closed tip or 
thru-lumen,

edwards or Baxter
can be placed inside 
or outside of regular 
ett

can use outside of smallest ett on smallest 
patients

If available foB does not fit through ett, 
blocker could be placed under fluoroscopy 
(if necessary with radiocontrast dye inside 
of the balloon)

Placement oustide of ett is preferred 
(easier to perform foB)

styletted (stylet could be bent to facilitate 
placement)

Potential for catheter dislodgment with occlusion of trachea by 
catheter balloon

Potential for bronchial ischemia and even rupture from 
low-volume, high-pressure balloon

due to closed tip, lung cannot be suctioned and deflation cannot 
be facilitated

If placed outside of ett, multiple steps are required for 
placement: 1. operative side is intubated with ett (ett is 
intentionally mainstemmed), 2. fogarty catheter is placed 
through ett, 3. ett is removed. ett placed outside of the 
blocker (alongside) into the trachea, 5. blocker position is 
confirmed with either foB (if it fits through ett) or under 
fluoroscopy

The smallest available foB (olympus lf-P) has external 
diameter of 2.2 mm. Its ultrathin design makes it difficult to 
navigate and easy to break and absence of suction channel does 
not allow to suction secretions or insufflate o

2

ED, external diameter; ETT, endotracheal tube; FOB, fiberoptic bronchoscope.
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K E Y FAC T S

• Lung isolation and one-lung ventilation (OLV) can be 
challenging in pediatric patients

• Double-lumen and Univent tubes usually are too big
• The easiest way to isolate the lung in an emergency is to 

mainstem a regular ETT (not ideal).
• Bronchial blocker can be placed intra- or extraluminally 

in relation to ETT.
• If smallest FOB is unavailable or does not fit through 

ETT, use fluoroscopy (C-arm) to confirm bronchial 
blocker position.
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50. ANSWER: B

The timing of clamping the umbilical cord after deliv-
ery has several potential effects on the neonate. An analysis 
of articles reporting the effects of early (at delivery) versus 
delayed (2 + minute delay) cord clamping in premature 
infants found that delayed cord clamping resulted in a 
higher hematocrit, fewer transfusions, and a decreased 
risk of intraventricular hemorrhage.

When expressed as mL/kg, the blood volume of the 
neonate at birth is a function of gestational age and whether 
the umbilical cord was clamped immediately after deliv-
ery. If there is a delay in clamping the cord or if the cord 
is “milked” from the placenta into the neonate, blood vol-
ume is routinely increased by 20 to 30 mL/kg. If the cord 
is clamped immediately after delivery, the mean blood 
volume of a term neonate is approximately 80 mL/kg. The 
blood volume of premature neonates may easily exceed 
100 mL/kg.

Delayed clamping of the umbilical cord has no impact 
on Apgar scores of premature or term newborns.

K E Y FAC T S

• Delayed cord clamping may allow for a higher 
hematocrit, fewer transfusions, and a decreased risk of 
intraventricular hemorrhage.

• Delayed cord clamping can increase blood volume by 
20–30 mL/kg in the neonate.
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51. ANSWER: D

The American Heart Association has a widely accepted 
training program for the resuscitation of the newborn tran-
sitioning from intrauterine to extrauterine environments. 
According to the AHA guidelines, the main steps after 
delivery of the newborn are to provide warmth, suction air-
way secretions, and if necessary, provide tactile stimulation. 
The newborn should then be evaluated for respirations, 
heart rate, and color.

If the newborn is breathing, pink in color, and has 
a heart rate above 100 beats per minute, only routine 
care is indicated. If the newborn is breathing but cyanotic 
and has a heart rate above 100 beats per minute, the pro-
vider should verify that the airway is clear and measure the 
oxygen saturation; the provider should also consider the 
administration of continuous positive airway pressure. 
The targeted preductal oxygen saturation values should 
be used as a guide to titrate an appropriate concentration 
of supplemental oxygen. The oxygen saturation probe 
should be placed at a preductal location (i.e., right upper 
extremity).

If the newborn has a heart rate less than 100 beats 
per minute, oxygen saturation monitoring should occur in 
conjunction with the administration of positive-pressure 
ventilation. If the heart rate is less than 60 beats per 
minute, chest compressions should be administered and 
consideration should be given to performing tracheal intu-
bation. If chest compressions are ineffective in restoring 
heart rate to more than 100 beats per minute, epinephrine 
should then be administered. If the newborn has a heart 
rate less than 60 beats per minute despite resuscitation with 
a lower oxygen concentration, the inspired oxygen concen-
tration should be increased to 100% until the heart rate 
returns to normal.

Vasopressin and atropine are not part of the AHA 
Neonatal Resuscitation guidelines.

K E Y FAC T S

• If the newborn breathing, is pink in color, and has a 
heart rate above 100 beats per minute, only routine care 
is indicated.
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• If newborn is breathing but cyanotic and the heart rate is 
above 100 beats per minute, consider the administration 
of continuous positive airway pressure.

• If newborn has a heart rate less than 100 beats per 
minute, oxygen saturation monitoring should occur in 
conjunction with the administration of positive-pressure 
ventilation.

• If heart rate is less than 60 beats per minute, chest 
compressions should be administered and consideration 
should be given to performing tracheal intubation.
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52. ANSWER: B

The most common form of cyanotic congenital heart disease 
is the complex known as Tetralogy of Fallot consisting of 
ventricular septal defect (VSD), obstruction of the right 
ventricular outflow tract (RVOT), overriding aorta, and 
right ventricular hypertrophy (RVH). Cyanosis occurs as 
a result of right-to-left shunting through the VSD. The sever-
ity of the cyanosis is determined by the degree of right-to-left 
shunting, which is determined by the systemic vascular resis-
tance (SVR) and the degree of RVOT obstruction.

Because ketamine maintains SVR, it is generally rec-
ognized as the preferred agent for induction of anesthesia 
in children with Tetralogy of Fallot.

Because administration of propofol produces a 
decrease in SVR, it tends to increase right-to-left shunting 
and is not the preferred agent for induction of anesthesia in 
patients with Tetralogy of Fallot. Although thiopental is less 
likely than propofol to produce a significant decrease in SVR, 
it does produce venodilation, with a consequent decrease in 
venous return and a reduction in pulmonary blood flow.

Children with pyloric stenosis are at an increased risk for 
the aspiration of gastric contents; mask induction of anesthe-
sia is generally not recommended for this procedure. In addi-
tion, the decrease in SVR associated with the administration 
of sevoflurane will increase the magnitude of right-to-left 
shunting and consequently the severity of cyanosis.

K E Y FAC T S

• Tetralogy of Fallot consists of a VSD, obstruction of the 
RVOT, overriding aorta, and RVH.

• Ketamine maintains SVR and is the preferred agent for 
induction of anesthesia in children with Tetralogy of 
Fallot.
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53. ANSWER: D

Caudal block is frequently used to provide postoperative 
analgesia to infants undergoing lower abdominal surgery. 
One potential complication is inadvertent injection of local 
anesthetic into the intrathecal space, which could result in 
total spinal anesthesia. A total spinal block in an infant 
is typically manifested by apnea and immobility with 
no initial change in the heart rate or blood pressure. 
Bradycardia can develop in this situation but would most 
likely be delayed and associated with the development of 
hypoxemia due to the apnea. The hemodynamic stability 
is proposed to occur due to the relatively low sympathetic 
tone present in an infant compared with that in an adult. 
Treatment for a total spinal block in an infant is support-
ive, including supporting ventilation until the spontaneous 
return of respiratory function.

K E Y FAC T S

• Total spinal anesthesia in an anesthesized infant is 
manifested by apnea and immobility with no initial 
change in the heart rate or blood pressure.

• Hemodynamic instability is thought to be a result of low 
sympathetic tone.
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54. ANSWER: A

The administration of intravenous caffeine is a therapeu-
tic option for the treatment or prevention of apnea of 
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prematurity and postoperative apnea in an infant. Infants 
may benefit from administration of caffeine for prevention 
of postoperative apnea if they have preoperative apnea, will 
receive opioids, or have a postconceptual age less than 60 
weeks (especially if <44 weeks). However, literature does 
not support the routine administration of caffeine for preven-
tion of postoperative apnea. The administration of caffeine 
for prevention of postoperative apnea does not alter the need 
for postoperative admission or additional apnea monitoring.

Caffeine citrate is the most common formulation 
used in the management of apnea. Caffeine citrate can be 
administered orally or intravenously. The mechanisms 
of action of caffeine for the management of apnea is pro-
posed to involve stimulation of the central respiratory 
drive, enhanced chemoreceptor sensitivity to CO

2
, and 

increased skeletal muscle contraction.
Administration of IV caffeine to infants can have sev-

eral side effects, including the development of the following:

• Sinus tachycardia
• Supraventricular tachycardia
• Tachypnea
• Hyperthermia
• Seizures
• Severe irritability
• Feeding intolerance

Administration of IV caffeine to an infant for preven-
tion of postoperative apnea is not associated with the devel-
opment of hypoxemia.

K E Y FAC T S

• Caffeine citrate can be a therapeutic option for the 
treatment or prevention of apnea of prematurity and 
postoperative apnea in an infant.

• Mechanisms of action of caffeine for the management 
of apnea involve stimulation of the central respiratory 
drive, enhanced chemoreceptor sensitivity to CO

2
, and 

increased skeletal muscle contraction.
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55. ANSWER: A

This question revolves around the diagnosis of myelomenin-
gocele and its associated comorbidities. Myelomeningocele 

is a form of spina bifida, a neural tube defect in which pro-
trusion of the spinal cord and meninges occurs without 
a protective skin covering. Answer B is correct, as myelo-
meningocele and a compressed posterior fossa are asso-
ciated with apnea and vocal cord paralysis, leading to 
sleep-disordered breathing and occasionally ventilator 
dependence. Answer B is incorrect, as horseshoe kid-
ney is associated with this disease, but not a double col-
lecting urinary system. Answer C is incorrect because the 
defect develops early in gestation, and is not associated 
with muscle denervation. Answer D is incorrect as skeletal 
anomalies associated with this disorder include clubfeet, 
hip dislocation, and kyphoscoliosis, but not knee issues.

K E Y FAC T S

• Myelomeningocele is an abnormal neural tube defect in 
which protrusion of the spinal cord and meninges occurs 
without a protective skin covering.

• It is associated with apnea and vocal cord paralysis, 
which can cause sleep-disordered breathing.

• Associate anomalies include horseshoe kidney, clubfeet, 
hip dislocation, and kyphoscoliosis.
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56. ANSWER: C

Caudal block is frequently used for genito-urologic and 
abdominal surgery in neonates and greatly assists in the 
anesthesia for these patients. For a caudal block, both sacral 
cornu are palpated. Next, a styletted needle is introduced 
through the sacral hiatus, and a “pop” is felt as the sacro-
coccygeal ligament is accessed. Epinephrine is often added 
to the local anesthetic solution to determine if an intravas-
cular injection has taken place. A caudal is the most com-
monly used regional anesthetic technique in neonates and 
infants. Caudal anesthesia decreases the amount of volatile 
anesthetics needed for surgery. It has been shown that rop-
ivicaine is less cardiotoxic and has less of a cardiodepressant 
effect than bupivacaine.
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57. ANSWER: D

Conditions that place neonates at increased risk for persis-
tent fetal circulation (PFC) or reversion to fetal circulation 
include the following:

• Sepsis
• Acidosis
• Meconium aspiration
• Diaphragmatic hernia
• Prematurity
• Pulmonary disease

A common characteristic among all these condi-
tions is increased pulmonary vascular resistance 
(PVR). The elevation in right ventricular afterload from 
increased PVR can produce right-to-left shunting via the 
foramen ovale. Right-to-left shunting (i.e., from the 
pulmonary artery to the aorta) via the ductus arteriosus 
can also occur if the PVR exceeds the systemic vascular 
resistance.

Physiologic conditions that can increase PVR and 
potentially produce PFC include the following:

• Hypoxemia
• Hypercapnia
• Acidosis
• Hypothermia

PFC is a life-threatening condition that can produce 
significant cardiopulmonary instability. Aggressive resus-
citation may be required and may include the admin-
istration of vasoactive medications, nitric oxide, 
mechanical ventilation, and extracorporeal membrane 
oxygenation.

Neither hyperthermia nor hypokalemia is associated 
with the development of PFC in a neonate. Hyperoxia is 
associated with the development of retinopathy of prematu-
rity in a neonate but not reversion to fetal circulation.

K E Y FAC T S

• Increased pulmonary vascular resistance can cause 
reversion to fetal circulation.

• Specific physiologic conditions that can increase PVR 
and potentially produce PFC include hypoxemia, 
hypercapnia, acidosis, and hypothermia.
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58. ANSWER: C

Multiple factors contribute to the development of the physi-
ologic anemia of infancy:

• Decreased erythropoietin production due to increased 
oxygen content (associated with increased hemoglobin 
saturation at birth) and increased oxygen delivery 
(associated with conversion to synthesis of adult 
hemoglobin).

• Shorter red blood cell survival—from 40 to 60 days in 
premature infants or 80 to 100 days in term infants as 
opposed to 120 days in adults.

When the anemia results in decreased delivery of oxy-
gen to tissues, production of erythropoietin is stimulated 
and erythropoiesis is increased, with a resultant increase in 
hemoglobin concentration.

Iron deficiency is rarely a contributing factor in the 
development of physiologic anemia. One exception is in 
premature infants who experience significant iatrogenic 
blood loss associated with sampling for laboratory test-
ing. Interestingly, infants who have received red blood cell 
transfusions in the neonatal period manifest a lower nadir 
of hemoglobin concentration.

Gestational age at birth plays a significant role in the 
magnitude and severity of physiologic anemia. In term 
infants the nadir of hemoglobin concentration, usually 
in the range of 9 to 11 g/dL, occurs at 8–12 weeks of age. 
In premature infants the anemia is usually more severe, in 
the range of 7 to 9 g/dL, and occurs at 3–6 weeks of age. 
Extremely low birth weight infants may develop even more 
profound anemia.

K E Y FAC T S

• Decreased erythropoietin production due to increased 
oxygen content (associated with increased hemoglobin 
saturation at birth) and increased oxygen delivery 
(associated with conversion to synthesis of adult 
hemoglobin)

• Shorter red blood cell survival—from 40 to 60 days in 
premature infants or 80 to 100 days in term infants as 
opposed to 120 days in adults

• Iron deficiency is rarely a contributing factor.
• In term infants the nadir of hemoglobin concentration 

is usually in the range of 9 to 11 g/dL and occurs at 8–12 
weeks of age. In premature infants the anemia is usually 
more severe, in the range of 7 to 9 g/dL, and occurs at 
3–6 weeks of age.
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59. ANSWER: C

Pyloric stenosis is a medical but not surgical emergency; 
electrolyte disturbances should be normalized prior to pro-
ceeding with surgical intervention.

Anesthetic management for pyloromyotomy commonly 
includes the following:

• Anticholinergic administration to reduce the risk of 
bradycardia

• Gastric decompression with a large-bore orogastric 
tube after anticholinergic administration but prior to 
induction of anesthesia

• Rapid sequence induction and tracheal intubation
• Infiltration of the incision site with local 

anesthetic agent
• Minimal or no use of opioids
• Awake extubation

Gastric decompression is beneficial in reducing the 
contents from the stomach but does not reliably assure it 
to be completely empty. Most authors recommend that 
a large-bore orogastric tube be inserted for suctioning 
the stomach in right and left lateral positions as well 
in the supine position. Because residual gastric contents 
often remain even after this technique, the infant should 
still be considered at risk for aspiration of gastric contents. 
Accordingly, tracheal intubation is warranted.

Although most authors recommend rapid sequence 
induction, awake intubation is considered acceptable. At 
least one study demonstrated no decrease in the risk of com-
plications related to airway management (e.g., desaturation, 
laryngospasm) in infants undergoing pyloromyotomy who 
underwent an awake intubation compared to those in whom 
a rapid sequence induction was performed. Disadvantages of 
awake intubation in neonates or infants include the produc-
tion of significant physiologic stress, increased sympathetic 
stimulation, increased potential for airway injury, and a 
lower likelihood of obtaining ideal intubating conditions.

Although the use of succinylcholine is controversial in 
pediatric patients, most authors recognize this as an accept-
able agent for infants undergoing pyloromyotomy.

Opioids are generally avoided due to the increased risk 
of respiratory depression in infants with metabolic alka-
losis. Adequate postoperative analgesia is usually obtained 
simply with local infiltration of a long-acting anesthetic 
into incision sites and rectal acetaminophen.

K E Y FAC T S

• Gastric decompression with large-bore orogastric tube in 
both right, left lateral positions and supine is indicated

• Rapid sequence induction with succinylcholine 
and avoidance of opioids are key components of the 
anesthetic management.
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60. ANSWER: B

The normal oxygen consumption for an infant is approxi-
mately double that of an adult (6–8 mL/kg per minute for 
neonates vs. 3–4 mL/kg per minute for adults). This is one 
of the contributing factors resulting in the alveolar ventila-
tion (expressed as mL/kg) of a neonate being twice that of 
an adult (100–150 mL/kg for neonates vs. 60 mL/kg for 
adults). These factors, combined with the relative decrease 
in lung compliance, result in the normal respiratory rate 
for a term infant being approximately 50 breaths/min.

When expressed as mL/kg the blood volume of the neo-
nate at birth is a function of gestational age and whether or 
not the umbilical cord was clamped immediately after deliv-
ery. If the cord is clamped immediately after delivery, the 
mean blood volume of a term neonate is approximately 80 
mL/kg. If there is a delay in clamping the cord or if the cord is 
“milked” from the placenta into the neonate, blood volume 
is routinely increased by 20–30 mL/kg. The blood volume 
of premature neonates is greater than that of term babies; 
the mean blood volume of a premature neonate may easily 
exceed 100 mL/kg. A  meta-analysis that reviewed 15 con-
trolled trials demonstrated that the benefits of delayed cord 
clamping at birth (defined as 2–3 minutes following deliv-
ery) included a higher hematocrit (95% confidence interval), 
increased iron stores, and a decreased risk of anemia.

A normal heart rate for a term neonate is approximately 
120 beats/min. The normal blood pressure for a term neo-
nate is 65/45 mm Hg.

K E Y FAC T S

• Oxygen consumption for an infant is approximately 
double that of an adult (6–8 mL/kg per minute for 
neonates vs. 3–4 mL/kg per minute for adults).

• Alveolar ventilation (expressed as mL/kg) of a neonate is 
twice that of an adult (100–150 mL/kg for neonates vs. 
60 mL/kg for adults).
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61. ANSWER: B

One of the measures of assessment of neonatal condition at 
birth was devised by Virginia Apgar in 1953. The score, which 
now bears her name, consists of five elements, each of which 
is scored 0, 1, or 2, for a maximum possible score of 10. The 
Apgar score is usually evaluated at 1 minute after delivery. 
Apgar scores of between 8 and 10 are achieved by 90% of 
all neonates. A neonate with an Apgar score between 5 and 
7 usually responds to oxygen and vigorous stimulation; a 
neonate with a score of 3 or 4 typically requires bag-mask 
ventilation. If the Apgar score is between 0 and 2, the neo-
nate requires immediate resuscitation. Apgar scores are 
usually also recorded at 5 minutes and may be recorded at 
intervals thereafter if resuscitation is ongoing.

The Apgar score qualitatively measures basic reflexes 
and correlates well with the degree of neonatal depression. 
The correlation with asphyxia or acidosis, however, is less 
robust. Neonatal mortality correlates with the duration of 
time that the Apgar score remains depressed, but the score 
performs poorly in the prediction of neonatal morbidity. 
See Table 13.1.
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62. ANSWER: D

A premature infant is one born before 37 weeks of ges-
tation. The anesthesiologist should be aware of the gesta-
tional age so that potential problems can be anticipated 
at birth. Premature infants have an increased incidence of 
apnea, hypoglycemia, hypomagnesemia, hypocalce-
mia, respiratory distress syndrome, thrombocytopenia, 
fetal alcohol syndrome, history of maternal drug addic-
tion, asphyxia, and aspiration pneumonia. The birth weight 
should also be determined as low birth weight infants also 

have an increased incidence of hypoglycemia, fetal alcohol 
syndrome, thrombocytopenia, and viral infection.

K E Y FAC T S

• Prematurity is defined as delivery before 37 weeks of 
gestation.

• There is an increased incidence of apnea, hypoglycemia, 
hypomagnesemia, hypocalcemia, respiratory distress 
syndrome, and thrombocytopenia.
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63. ANSWER: B

Spinal anesthesia in neonates is not associated with hemo-
dynamic instability. It is theorized that neonates have 
less venous capacitance and an immature sympathetic 
nervous system, leading to a lack of hypotension and 
bradycardia during a high spinal. Given the lack of hemo-
dynamic instability, respiratory distress and apnea are the 
first signs of a high spinal.
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64. ANSWER: A

The Parkland formula of 4 mL/kg per percent body 
area burned is used for fluid replacement in most pediatric 
patients. Ultimately, perfusion to peripheral organs is most 
important. Urine output of 1 mL/kg per hour is often used 
as a surrogate for perfusion of the kidneys. Although the 
Parkland formula can be used, one should start with urine 
output guiding further fluid replacement. The replace-
ment of choice is crystalloid, as a capillary leak may lead 
to increased oncotic pressure in the interstitum if colloid is 
utilized. Dextrose-containing solutions are used for main-
tenance fluids and should not be used for fluid replacement.
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65. ANSWER: C

Craniosynostosis is often associated with congenital syn-
dromes (including Apert syndrome, Pfeiffer syndrome, and 
Crouzon syndrome). While strip craniectomy can be done 
endoscopically and is not usually associated with massive 
blood loss, calvarial reconstruction is quite prone to large 
blood losses. Strip craniectomy should be performed prior 
to 1 year of age. If done at less than 1 year of age, 50% of 
affected children have an IQ greater than 70; however, if 
done beyond 1 year of age, only 7% of children will have an 
IQ greater than 70. Craniosynostosis is commonly associ-
ated with midfacial abnormalities and a difficult airway.
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66. ANSWER: B

Anatomical characteristics of the neonatal airway differ 
significantly from those of an adult. These anatomical dif-
ferences in the neonate have important airway implications.

Typically, the neonatal larynx is located in a higher 
position in the neck (C2–3) relative to the adult lar-
ynx (C4–5). This higher location can result in the larynx 
being described as “anterior” during direct laryngoscopy. 
An anterior larynx can be more difficult to visualize and 
may require a form of laryngeal pressure, including cricoid 
pressure or the BURP maneuver (backward, upward, and 
rightward laryngeal pressure).

The epiglottis in a neonate is relatively longer than in 
an adult. The epiglottis in a neonate can also be U-shaped 
and be positioned over the laryngeal inlet. These features of 
the epiglottis may suggest the use of a straight laryngoscope 
blade in order to directly lift the epiglottis off the laryngeal 
opening during direct laryngoscopy.

In a neonate the anterior attachment of the vocal 
cords is more caudad than the posterior attachment. This 
results in angulation of the vocal cords with respect to the 
axis of the trachea. In adults this angulation does not occur 
and the vocal cords are perpendicular to the long axis of the 
trachea.

In a neonate the tongue is relatively larger than in 
an adult.

In adults the larynx is described as being cylindri-
cal with the narrowest part at the glottis opening. 
Classically the larynx of a neonate has been described as 
“funnel shaped” with the narrowest part occurring at the 
cricoid ring. Recent studies suggest this may not be com-
pletely accurate. Two studies using MRI and CT suggest 
that in children less than 2  years of age the immediate 

subglottic area is the narrowest portion of the airway. In 
any event, compared to adults, the widest portion of the 
larynx in neonates is either lower (at the cricoid ring) or 
at the same level (at the glottis opening).

K E Y FAC T S

• Neonatal larynx is located in a higher position in the 
neck (C2–3) relative to the adult larynx (C4–5).

• Epiglottis in a neonate is relatively longer than in 
an adult.

• Anterior attachment of the vocal cords is more caudad.
• Tongue is relatively larger.
• Widest portion of the larynx in neonates is either lower 

(at the cricoid ring) or at the same level (at the glottis 
opening).
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67. ANSWER: B

A congenital diaphragmatic hernia (CDH) is a defect in 
the diaphragm causing abdominal viscera to herniate into 
the thorax. The defect is most commonly (~80%) found 
posterolaterally, at the foramen of Bochdalek, on the left 
side of the diaphragm. It occurs in approximately 1:2000 
births, with an equal distribution between males and 
females, and is linked to genetic defects and other congeni-
tal abnormalities.

These neonates usually present with respiratory distress 
and a scaphoid abdomen. In addition, hypoxemia and 
hypercapnia result from visceral compression of lung 
parenchyma and primary pulmonary hypoplasia. The 
neonates may be hypotensive due to torsion of great ves-
sels and compression of cardiac structures. Neonates with 
CDH may be severely hypoxemic and/or hypercapneic 
and require high-frequency oscillatory ventilation and/or 
ECMO prior to surgical repair. Survival rates have improved 
with less aggressive ventilation maneuvers and permissive 
hypercapnia, avoiding barotrauma and decreased venous 
return.

Recommended anesthetic management includes venti-
lation with low peak airway pressures. Attempts should 
not be made to expand the compressed lung, as this may 
result in a pneumothorax of the contralateral (less hypo-
plastic) lung. Likewise, bag-mask ventilation should not 
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occur due to the risk of abdominal distention and hernia-
tion of abdominal viscera across the midline of the thoracic 
cavity. Orogastric suctioning is encouraged to reduce vis-
ceral compression on the lung.

K E Y FAC T S

• Congenital diaphragmatic hernia (CDH) is a defect in 
the diaphragm causing abdominal viscera to herniate 
into the thorax. The defect is most commonly (~80%) 
found posterolaterally, at the foramen of Bochdalek.

• Hypoxemia and hypercapnia result from visceral 
compression of lung parenchyma and primary 
pulmonary hypoplasia.

• Includes ventilation with low peak airway pressures
• Pneumothorax of the contralateral (less 

hypoplastic) lung
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68. ANSWER: D

Although a small percentage of children with croup have 
an allergic etiology for their problem, the vast majority of 
cases are infectious in etiology. Viral infections are the most 
common cause of croup, which is more accurately termed 
laryngotracheobronchitis. Mucosal swelling results in 
airway obstruction that manifests as follows:

• Inspiratory stridor
• Tachypnea
• Suprasternal, intercostal, and/or substernal retractions
• Hoarseness
• A cough commonly described as high-pitched or 

“barking” in nature

Viral laryngotracheobronchitis usually has a gradual 
onset following an upper respiratory tract infection; a 
low-grade fever is commonly present. Compared to chil-
dren with epiglottitis, a child with croup is more likely to be 
younger (less than 3 years of age), less likely to have a marked 
elevation of temperature, and more likely to be tachypneic.

Epiglottitis tends to occur in slightly older children 
and without any kind of viral prodrome. The child with 
epiglottitis commonly appears toxic and has a higher 

temperature. The classic presentation involves the “three 
D’s”—drooling, dysphagia, and distress. Although the 
child may present with a muffled voice, a barking cough is 
not usually present.

A child with a foreign body in the trachea generally does 
not have manifestations of a viral prodrome.

Although airway problems may be exacerbated during 
an upper respiratory infection, it would be unlikely that 
the initial presentation of tracheomalacia would occur in 
a 9-month-old child. Tracheomalacia is generally initially 
manifested in younger children.

K E Y FAC T S

• Laryngotracheobronchitis: Mucosal swelling results in 
airway obstruction that manifests as inspiratory stridor, 
tachypnea, suprasternal, intercostal, and/or substernal 
retractions, hoarseness, cough commonly described as 
high-pitched or “barking” in nature.

• Epiglottitis child appears toxic and has a higher 
temperature. The classic presentation involves the “three 
D’s”—drooling, dysphagia, and distress.
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69. ANSWER: C

Pyloric stenosis—hypertrophic muscle at the pyloric 
opening—occurs in about 2.4/1000 live births, more com-
monly in males. It usually presents as nonbilious, projectile 
vomiting in 3- to 6-week-old infants. Physical examina-
tion may reveal an olive-shaped mass in the epigastric area.

Ultrasound is the preferred method for establishing the 
diagnosis. Previously, radiographic contrast studies were 
used to demonstrate the classic “string” sign—contrast nar-
rowly exiting the pylorus.

Protracted vomiting results in loss of gastric fluid with 
a consequent loss of hydrochloric acid; the resulting hypo-
chloremia produces impaired renal excretion of sodium 
bicarbonate. Consequently most children with pyloric ste-
nosis present with a hypochloremic, hypokalemic meta-
bolic alkalosis. Administration of sodium bicarbonate 
may exacerbate the metabolic alkalosis and is therefore not 
proper management.

Management of pyloric stenosis is a medical not a sur-
gical emergency. The patient needs to be rehydrated, ini-
tially with sodium chloride. Potassium is added once urine 
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output is confirmed. With rehydration and resolution of 
the alkalosis, the patient can proceed to the operating room 
for a pyloromyotomy.

Patients should be treated as having a full stomach, 
even if a nasogastric tube is in place. Administration of 
oral sodium bicitrate is not indicated in the management 
of pyloric stenosis.

K E Y FAC T S

• Nonbilious, projectile vomiting in 3- to 6-week-old infants

• Hypochloremic, hypokalemic metabolic alkalosis
• Not a surgical emergency
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14.

PA INFUL DISEASE STATES

Aykut Bilge, Jason S. Lee, and Pascal Scemama de Gialluly

1. A 2.5-year-old child is in the recovery room following 
a surgical procedure. Which pain scale is the most use-
ful to assess pain in this child?

A. Visual Analogue Scale (VAS)
B. Wong-Baker FACES Pain Rating Scle (WBFS)
C. Face Legs Arms Cry Consolability Scale (FLACC)
D. OUCHER Pain Scale

2. A 3-year-old, 15 kg patient is receiving epidural analge-
sia with 0.1% bupivacaine and hydromorphone at 10 µg/
mL via a thoracic epidural catheter. In your assessment, 
the patient has adequate analgesic coverage but is dis-
turbed by severe pruritus as reported by parents. What 
is the initial next step in the management of this patient?

A. Reassure parents and continue current epidural 
infusion.

B. Administer a dose of diphenhydramine.
C. Start low-dose naloxone infusion.
D. Discontinue epidural infusion and start intravenous 

analgesia.

3. A 15-year-old African American patient with sickle cell 
disease is admitted for the management of vaso-occlusive 
pain crisis presenting as back, extremity, and chest 
pain. On examination, affected areas display a normal 
response to touch. Which of the following pain manage-
ment options would be beneficial in this situation?

A. Tricyclic antidepressants
B. Thoracic epidural analgesia
C. Trigger point injections
D. Gabapentin

4. The most common presentation of pain in children 
and adolescents is:

A. Back pain
B. Headache

C. Abdominal pain
D. Extremity pain

5. A 14-year-old female patient with recurrent abdomi-
nal pain is admitted after initial evaluation in the emer-
gency room for severe abdominal pain. Which one of 
the symptoms or signs below are red flags in the evalua-
tion of abdominal pain in this patient?

A. Cough
B. Headache
C. Arthritis
D. Tinnitus

6. A  15-year-old female child has developed chronic 
pain affecting her distal limb following a traumatic 
injury and prolonged limb immobilization. Her con-
dition has been diagnosed as complex regional pain 
syndrome (CRPS), type I. Which of the following state-
ments is most accurate in the diagnosis and treatment of 
this patient?

A. Opioids are effective in treatment.
B. Allodynia or hyperalgesia is often present.
C. Intravenous regional block is contraindicated.
D. Presence of a documented nerve injury is essential 

for diagnosis.

7. A 10-year-old male patient is seen in the emergency 
department and brought to the operating room for 
repair of tibia fracture. The parents state that the patient 
had difficult pain management during past hospital-
izations and had been found to have CYP2D6 enzyme 
deficiency. What would be the best postoperative pain 
management strategy for this patient after he tolerates 
PO intake?

A. Oxycodone
B. Tramadol
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C. Codeine
D. Hydrocodone

8. A 12-year-old male patient with a history of severe asthma 
presents with a fractured distal humerus, requiring surgi-
cal repair. On examination, the patient seems distressed, 
has bilateral wheezing but is able to maintain oxygen satu-
rations above 96% at room air. Which of the following is 
most likely to provide adequate postoperative analgesia 
while minimizing further respiratory compromise?

A. Opioid analgesia
B. Brachial plexus block, interscalene approach
C. Brachial plexus block, infraclavicular approach
D. Brachial plexus block, axillary approach, and 

musculocutaneous nerve block

9. A  9  month old patient is undergoing circumcision 
under general anesthesia. Which pain management 
option is most appropriate in the management of post-
operative pain for this patient?

A. Caudal epidural analgesia with 0.125% bupivacaine 
with epinephrine up to 4 mL/kg single injection

B. Penile block with 0.125% bupivacaine with 
epinephrine up to 4 mL single injection

C. Parenteral ketorolac up to 2 mg/kg
D. Enteral acetaminophen not to exceed 75 mg/kg per day

10. A 14-year-old female patient with complex regional 
pain syndrome (CRPS) is being followed at a chronic 
pain clinic for her leg pain. During her visit, she states 
that her affected leg was accidentally hit during a rush 
at school and she felt much more intensified pain than 
she would expect. Which of the following terms most 
accurately describes her symptom?

A. Paresthesia
B. Allodynia
C. Hyperalgesia
D. Dysesthesia

11. A  15-year-old female patient has been followed by 
the chronic pain clinic for headaches and distractions at 
school. In the past year, her condition has been managed 
with tricyclic antidepressant medications and the use of 
biofeedback mechanisms. During her last clinic visit, 
she complains of worsening headaches, which awaken 
her from sleep at night and become more intense in the 
morning. What is the most appropriate initial manage-
ment after she expressed these concerns?

A. Initiate referral and neuroimaging study (CT/MRI).
B. Optimize antidepressant treatment with increasing 

the nighttime dose.

C. Start physical therapy with transcutaneous electrical 
nerve stimulation (TENS).

D. Start acupuncture treatments.

12. A  16-year-old male patient with cancer pain and 
spasticity is admitted for optimization of his chronic 
pain regimen. He is currently on multimodal drug 
therapy, which includes neuropathic pain medications 
and antispasmodics, baclofen, ketamine, gabapentin, 
and methadone. Which one of his current medications 
exerts its effect via Γ-amino butyric acid receptors?

A. Baclofen
B. Ketamine
C. Gabapentin
D. Methadone

13. A  16-year-old male patient is receiving epidural 
analgesia via a T6-7 epidural catheter following a tho-
racotomy. His pain is well controlled at the incision and 
chest tube site, but he complains of ipsilateral shoulder 
pain. What type of neurons and fibers are involved in 
the transmission of the pain experienced by this patient?

A. Nociceptive specific neurons, A-δ fibers only
B. Nociceptive specific neurons, A-δ and C fibers
C. Wide dynamic range neurons, A-δ fibers only
D. Wide dynamic range neurons, A-δ and C fibers

14. A  15-year-old female patient with metastatic bone 
cancer is receiving treatment with chemotherapy and 
radiotherapy. Her multiorgan pain is managed with a 
combination of opioid and nonopioid analgesics. An 
electrocardiogram (EKG) was performed to evaluate 
her cardiac status following a course of chemotherapy 
which showed a QTc of 470 ms. Which one of the fol-
lowing pain medications requires dose adjustment or 
discontinuation to prevent serious arrhythmias?

A. Acetaminophen
B. Methadone
C. Ketorolac
D. Oxycodone

15. A  4-year-old patient with abdominal pain is being 
evaluated for a large but operable Wilms tumor. 
Imaging studies suggest the tumor is confined to the 
kidney and there is no evidence of local evasion or 
metastasis. Which type of pain is most likely to be expe-
rienced by this child?

A. Somatic pain
B. Neuropathic pain
C. Visceral pain
D. Psychogenic pain
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16. A  15-year-old female patient who developed neu-
ropathic pain following a lower-extremity trauma is 
being treated with a combination of oral and topical 
analgesics. She has recently started applying capsaicin 
cream topically, which improved her overall pain con-
trol. Capsaicin manifests its analgesic effect by acting 
on which of the following targets?

A. TRPV channels
B. Sodium channels
C. Calcium channels
D. NMDA receptors

17. A 10-year-old, 52 kg male patient is admitted to hos-
pital with sickle cell crisis with pain in his abdomen, 
hip, and thighs. This patient has had several hospitaliza-
tions in the last 3  years for similar complaints. He has 
chronic pain and at home uses 5 mg of oxycodone on 
average about two times a day. You are consulted for the 
pain management of this child. Which of the following 
would constitute the best initial pain management regi-
men for this patient?

A. MS Contin (Morphine sulphate controlled release) 
PO regimen

B. Oxycodone (Oxycontin) regimen PO q4hr
C. Morphine patient controlled analgesia (PCA)
D. Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

18. Which of the following drugs acts on the same 
receptor as methadone?

A. Gabapentin
B. Paroxetine
C. Duloxetine
D. Ketamine

19. You are seeing a 15-year-old male status post hemi-
pelvectomy for sarcoma with chronic phantom limb 
pain. You notice that the patient is on gabapentin 600 
mg TID and his pain is well controlled. What is the 
mechanism of action of gabapentin?

A. It interacts with the GABAergic (gamma 
aminobutyric acid) system.

B. It blocks sodium channels.
C. It binds voltage-dependent calcium channels.
D. It binds to N-Methyl-D-aspartate (NMDA) receptors.

20. Which of the following descriptions defines allodynia?

A. Increased, exaggerated pain in response to a 
normally painful stimulus

B. Pain that is caused by a stimulus that normally is not 
painful

C. Pain that correlates to a peripheral nerve distribution
D. Abnormal sensation that can be either spontaneous 

or caused by some stimulus

21. At what postconceptual age do children start 
responding to tissue injury and inflammation?

A. 14 weeks
B. 26 weeks
C. 34 weeks
D. 40 weeks

22. You are taking care of a 7-year-old girl with cerebral 
palsy and severe cognitive impairment. She is sched-
uled for a left femoral osteotomy. What pain assess-
ment method will be most appropriate for this patient 
to assess postoperative pain?

A. Look at the patient’s face and match what you see to 
a pain Visual Analog Scale (VAS)

B. Ask the mother if she thinks her child is in pain and 
how severe the pain is

C. Use the r-FLACC Scale
D. Use the Wong Baker Faces Pain Scale

23. Acupuncture is a popular complementary medicine 
used for pain in the pediatric population with benefits 
including:

A. Immediate pain relief upon application
B. Opioid antagonists such as naloxone do not inhibit 

the analgesic properties of acupuncture
C. Continued analgesic properties despite endorphin 

enzyme degradation
D. The analgesic effects of acupuncture persists for 

several hours after application

24. An 11-year-old girl presents with chronic pain in 
her left foot and ankle following a motor vehicle acci-
dent, causing nerve injury to her left foot. Per review of 
her chart, she is noted to have allodynia, hyperalgesia, 
edema, and color changes in her ankle and is diagnosed 
with complex regional pain syndrome (CRPS) type II. 
She has CRPS type II versus type I because of:

A. Nerve injury related to her accident
B. Allodynia
C. Hyperalgesia
D. Edema and color changes in her foot

25. You are consulted to see a 14-year-old girl with a 1-year 
history of chronic abdominal pain. She has been exten-
sively worked up by the gastroenterology service, and all 
studies have come back normal. This girl’s life is severely 
impacted by her pain: she has trouble walking because of 
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her pain and she cannot participate in any sport activi-
ties, making her very sad. Her pain is not alleviated by 
acetaminophen, ibuprofen, or opioids. She describes the 
pain as burning, continuous, and worsened by movement. 
Upon physical examination, you find a specific point of 
maximal tenderness about 2 inches from the midline on 
the right side at the level of the umbilicus. This area is also 
allodynic. What is your most likely next step?

A. Start the patient on gabapentin.
B. Recommend a psychiatric consultation.
C. Perform a diagnostic Transversus Abdominis Plane 

(TAP) block.
D. Start the patient on peppermint oil.

26. A  10-year-old 50  kg boy has been on a morphine 
PCA for the last 2 days for postoperative pain after an 
appendectomy. The PCA settings have been set at a con-
tinuous rate of 0.3 mg/hr with demand dose of 0.3 mg 
every 10 minutes with a lockout of 2 mg/hr. The boy has 
used a total of 36 mg of morphine over the last 24 hours. 
Which of the following oral regimens is the most appro-
priate transition for this patient?

A. Oxycodone 5–10 mg every 4 hours as needed
B. Hydrocodone 10–15 mg every 4 hours as needed
C. Methadone 15 mg every 6 hours as needed
D. Morphine sustained release 10 mg every 8 hours 

as needed
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chaPter 14 ansWers

1. ANSWER: C

Pain in children is assessed by using two different meth-
ods:  self-report and observational-behavioral measures. 
Because pain is a subjective symptom, the standard for pain 
assessment has been self-report, in which a child is asked to 
quantify pain using a scale of numbers. However, the tools 
developed for self-report are only appropriate for children 
older than 3 years and with normal cognitive skills. For 
children under 3 years of age and for cognitively impaired 
children, observational-behavior measures are more fre-
quently used in the assessment of pain, both by observing 
and quantifying behavior patterns.

Visual Analog Scale (VAS)—A self-report scale. 
Numbers from 0 (no pain) to 10 (maximum pain) are pre-
sented on a horizontal or vertical scale. Appropriate for 
ages 6 years and older.

Wong-Baker Faces Scale (WBFS)—A self-report 
scale. The child is shown a series of line diagrams of faces 
with expressions of increasing distress. It is coded as 0 
(no distress) to 5 (maximum distress) or, alternatively, from 
0 to 10. Its reliability and validity are confirmed in chil-
dren 3 to 18 years of age.

Oucher Scale (OUCHER)—A self-report scale. It 
includes photographic faces of children on a 0 (no distress) 
to 100 (maximum distress) scale. It is appropriate for chil-
dren over 3 years of age.

Face, Legs, Activity, Cry, Consolability Scale 
(FLACC)—An observational-behavior scale. It includes 
five categories of pain behaviors:  facial expression, leg 
movement, activity, cry, and consolability. Each category is 
scored from 0 to 2 to yield a total score ranging from 0 to 10. 
This scale is appropriate for children 3 years and younger. 
A modified (revised) version is validated and used for older 
but cognitively impaired children.

K E Y FAC T S

• >3 years old and normal cognitive skills: self-report 
scales can be used
• VAS: numbers 0 to 10; >6 years old
• WBFS: facial expressions, 0–5 or 0–10 severity
• OUCHER: photographic faces, 0–100 severity

• <3 years or cognitively impaired: observational-behavior 
scale more common
• FLACC- five categories of pain behaviors
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2. ANSWER: C

Pruritus is a common side effect of epidural analge-
sia with solutions containing opioids. Hydromorphone, 
fentanyl, and morphine are commonly used in epidural 
regimens in combination with local anesthetics such as 
bupivacaine, ropivacaine, and chloroprocaine.

Side effects of epidural opioids can range from pru-
ritus, nausea and vomiting, and urinary retention to 
respiratory depression. Pruritus occurs in 30%–70% of 
cases in children receiving epidural or intrathecal opioids. 
The mechanism of pruritus is thought to be a central 
opioid effect rather than direct histamine degranulation 
from mast cells. Thus, antihistaminics such as diphen-
hydramine are ineffective in treating pruritus in this 
situation.

Opioid antagonists such as nalbuphine and naloxone, 
when used in low doses, are most effective to treat pruritus 
resulting from the central opioid effect from epidural/spi-
nal opioid analgesia. Nalbuphine, at 25 µg/kg–50 µg/kg, is 
given intravenously every 6 hours as needed, or an infusion 
of naloxone is started at a rate of 0.25 µg/kg per hour.

Decreasing the opioid concentration or removal of the 
opioid from the epidural solution is also an effective treat-
ment strategy in this situation.

K E Y FAC T S

• Pruritus is common and real, and treatment should 
always be considered as a side effect of epidural analgesia.

• The cause of pruritus is a central opioid effect, not 
histamine mediated.

• Treat with nalbuphine at 25–50 µg/kg IV every 6 hours 
or naloxone at 0.25 µg/kg per hour.
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3. ANSWER: B

Sickle cell disease is a hereditary disorder of hemoglo-
bin synthesis, in which there is abnormal production of 
Hemoglobin S.  Hemoglobin A  is normally composed of 
two alpha and two beta globin chains and makes up the 
majority of hemoglobin in adults.

Hemoglobin S is produced by a mutant beta globin 
gene, which causes a single amino acid substitution (valine 
for glutamic acid) in position 6 of the beta globulin chain. 
This ultimately leads to instability of the molecule. When 
exposed to lower oxygen tension, hemoglobin S aggregates 
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and polymerizes, causing sickle cell–shaped deformation of 
red blood cells, hemoglobin precipitation, and hemolysis. The 
pathophysiology in sickle cell anemia is now thought to be 
more complex than deformed cells occluding microcircula-
tion. Rather, it is thought to be a combination of inflamma-
tion, vascular adhesion abnormalities, platelet activation, 
and coagulation cascade activation, which results in a 
vaso-occlusive episode and the associated ischemic pain.

Vaso-occlusive episodes are treated using a multimodal 
approach:

1. Medications: Opioids, NSAIDs, and 
acetaminophen are the mainstays of treatment. 
The presence of hyperalgesia over the affected 
area suggests peripheral and central sensitization. 
Neuropathic medications may be considered.

2. Physical therapy: Transcutaneous electrical nerve 
stimulation (TENS) for localized pain.

3. Behavior therapy: Relaxation techniques, coping 
skills development.

4. Regional analgesia: Thoracic epidural analgesia 
can provide excellent relief in acute chest syndrome 
and should be strongly considered.

In the case presented here, the patient exhibits a normal 
response to touch over affected areas; therefore, the pres-
ence of a neuropathic component is unlikely. Gabapentin 
is a medication used in neuropathic pain and is not suitable 
in the treatment of ischemic pain. Similarly, trigger point 
injections and antidepressant medications have no use in 
the treatment of ischemic pain.

K E Y FAC T S

• Mainstays of treatment include opioids, NSAIDs, and 
acetaminophen; epidural analgesia is very effective and 
TENS is used for localized pain.

• Abnormal response to touch (i.e., hyperalgesia) 
suggests nerve sensitization and indicates neuropathic 
medications may work.
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4. ANSWER: B

The prevalence of chronic pain in children and adoles-
cents at anytime is approximately 15%. In one study, the 
3-month prevalence, characteristics, consequences, and 
provoking factors of chronic pain in 749 children and 

adolescents were studied. The most common presentation 
of pain in this population was headache (60.5%) followed 
by abdominal pain (43.3%), limb pain (33.6%), and back 
pain (30.2%). Another source cites back pain as reported in 
up to 50% of children by the mid-teenage years and weekly 
abdominal pain in up to 17%. A significant portion of chil-
dren and adolescents with pain also had sleep problems, 
inability to pursue hobbies, eating problems, and school 
absence. Overall, chronic pain among children is common 
and is frequently associated with physical illness and dis-
ability, as in adults.

The care model for chronic pain in children is multi-
disciplinary, with pain physicians, psychologists, physical 
therapists, nurses, and consultants playing vital roles. The 
approach to management includes history and physical 
along with ancillary data (lab tests, imaging) likely already 
ordered by the primary or consulting physician. Of utmost 
importance is to identify “red flag” symptoms (Box 14.1) 
for headache, abdominal pain, and back pain.

Treatment is also multidisciplinary. For example, treat-
ment of abdominal pain when not related to other causes 
includes medications, behavioral medicine, dietary man-
agement, TENS (if abdominal wall origin of pain noted), 
and blocks.

Box 14.1 red flags and syMPtoMs 
for aBdoMInal PaIn

 1. Persistent right upper or right lower quadrant pain

 2. Dysphagia

 3. Persistent or cyclic vomiting

 4. Gastrointestinal blood loss

 5. Family history of inflammatory bowel disease, celiac 

disease, or peptic ulcer disease

 6. Pain that wakes the child from sleep

 7. Arthritis

 8. Nocturnal diarrhea

 9. Involuntary weight loss

 10. Decelaration of linear growth

 11. Delayed puberty

 12. Unexplained fever

 13. Hepatosplenomegaly, intraabdominal masses, perianal 

lesions

 14. Bilious emesis

 15. Costovertebral angle tenderness

SOURCE:  Reprinted with permission from:  Cote CJ, Lerman J, Todres 
ID, eds. A Practice of Anesthesia for Infants and Children. 4th ed. 
Philadelphia, PA: Saunders Elsevier; 2009:953.
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K E Y FAC T S

• Prevalence of chronic pain in children and adolescents at 
any time is approximately 15%.

• The most common presentation of pain is headache 
(60.5%), followed by abdominal pain (43.3%), limb pain 
(33.6%), and back pain (30.2%).

reference

Szabova A, Goldschneider K. Chronic Pain. In:  Cote CJ, Lerman J, 
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ed. Philadelphia, PA: Saunders Elsevier; 2009:982–3.

5. ANSWER: C

One of the goals in the evaluation of chronic pain is to look 
for and identify an underlying serious illness, if it exists. Red 
flags (Box 14.1) can point to a serious underlying pathology 
and indicate a need for referral or further laboratory and 
imaging studies. Additional history regarding medications, 
allergies, family, and a thorough review of systems is essential.

K E Y FAC T

• Recognize red flags that would indicate serious illness as 
the underlying cause of chronic pain.
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6. ANSWER: B

Complex regional pain syndrome (CRPS) is the most 
recent nomenclature describing two types of painful condi-
tions, type I (formerly called reflex sympathetic dystrophy, 
RSD) and type II (formerly called causalgia). The hallmark 
of this condition is the presence of pain, often with allo-
dynia or hyperalgesia. The signs and symptoms in both 
types of CRPS are indistinguishable. The only difference 
between types I  and II is the presence of a documented 
nerve injury in type II CRPS. In most cases, the affected 
area exhibits changes in skin color and temperature, edema, 
motor activities such as tremor, dystonia, and weakness. The 
affected limb may have changes in nail and hair growth.

Traumatic injury and limb immobilization are prime 
predisposing factors. Also, a genetic predisposition is sug-
gested by the clinical observation that CRPS is rare in the 

African American population. In the pediatric population, 
the condition is rare under 10 years old, though it has been 
reported in children as young as 5 years (type I) and 3 years of 
age (type II). Furthermore, in children and adolescents, CRPS 
is predominantly seen in females (female:male ratio of 5:1).

Treatment of CRPS can be challenging, with the ulti-
mate goal being restoration of function. This is usually 
achieved with a multidisciplinary approach, including 
pharmacological therapy, physical therapy, and psycho-
logical interventions. Effective medications used in CRPS 
management include tricyclic antidepressants and anticon-
vulsant agents (gabapentin, oxcarbazepine). Physical ther-
apy is the cornerstone of therapy and focuses on aggressive 
mobilization of the affected limb, with range of motion 
exercises, desensitization, strength training, and transcuta-
neous electrical nerve stimulation.

Sympathetic nerve blocks have also been used when 
more conservative therapies have not been successful in 
treating pain or when a child has not been able to par-
ticipate in physical therapy due to severe allodynia. In the 
pediatric pain population, intravenous regional blocks have 
gained popularity as a beneficial treatment option for cases 
involving the distal limb, allowing the child to tolerate 
and proceed with physical therapy. Lumbar plexus blocks 
may be used for patients who have lower-extremity CRPS, 
and brachial plexus blocks maybe used for patients with 
upper-extremity involvement.

K E Y FAC T S

• A documented nerve injury in CRPS II distinguishes it 
from CRPS I.

• Predisposing factors include traumatic injury, limb 
immobilization, genetics, and female gender.

• Treatment is multidisciplinary, with aggressive limb 
mobilization being the cornerstone.

• Sympathetic nerve blocks and intravenous regional 
blocks have been useful in allowing the child to 
proceed with physical therapy when medications and 
conventional treatments have failed to alleviate pain.
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7. ANSWER: A

Drug elimination via the liver (and, to small extent, via the 
lungs and kidneys) requires biotransformation into more 
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polar forms. Two types of biotransformation can occur 
in the liver, namely, phase I and phase II reactions. Phase 
I reactions transform drugs via oxidation, reduction, or 
hydrolysis, whereas phase II reactions transform drugs 
via conjugation into more polar forms. Cytochrome 
P-450 (CYP) system enzymes are responsible for phase I 
elimination of lipophilic compounds in the body.

In the past two to three decades, multiple isoforms of 
the CYP system enzymes with different drug specificities 
have been identified. Among those, the CYP2D6 enzyme 
is responsible for the metabolism of more than 20% of pre-
scribed medications as well as conversion of certain drugs 
to their biologically active forms.

This enzyme is low to absent in fetal life, and its activ-
ity is limited to only 20% of adult values at 1  month of 
age. Adult levels of enzyme activity are reached by age 
3–5  years. Expression of the CYP2D6 enzyme exhibits 
wide polymorphism in the population. Some individuals 
may have reduced metabolic activity (poor metabolizers), 
and the frequency of poor metabolizers varies among dif-
ferent ethnic groups (7% of Caucasians, 0–1% of Chinese).

Drugs that require the CYP2D6 enzyme to turn them 
into biologically active metabolites are not effective in the 
portion of the population who are poor metabolizers. 
Among the oral analgesics listed earlier, codeine, hydroco-
done, and tramadol require the CYP2D enzyme to trans-
form them into active analgesics.

Codeine is a prodrug that is metabolized to morphine. 
Codeine’s analgesic effect is thought to come from its 
metabolite, codeine 6-glucuronide. Thus, in patients who 
are poor metabolizers, codeine will have a limited analgesic 
effect. Similarly, hydrocodone is metabolized into hydro-
mophone and tramadol into O-D tramadol.

Oxycodone and hydromophone do not require CYP 
metabolism to become active compounds and therefore are 
better choices for postoperative analgesia in this patient.

K E Y FAC T S

• Liver metabolism phase I—oxidation; phase 
II—conjugation.

• CYP2D6 metabolizes more than 20% of prescribed 
medications, but “poor metabolizers” exhibit inadequate 
biotransformation of drug through this enzyme.

• Codeine, hydrocodone, and tramadol require CYP2D6 
for transformation into active analgesics.

• Hydromorphone and oxycodone are active analgesics 
without biotransformation by CYP2D6.
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8. ANSWER: D

Pain management following orthopedic procedures involving 
upper and lower extremities can be achieved by regional and 
neuraxial blocks, as well as parenteral and enteral opioid admin-
istration. Intermittent or patient-controlled opioid analgesia 
is a proven and effective method of postoperative pain man-
agement. However, due to respiratory depressant effects, 
opioids should be used with caution in patients with respi-
ratory compromise. If possible, alternative pain management 
strategies, such as regional blocks, should be employed either as 
the sole anesthetic or for an opioid-sparing effect.

Brachial plexus blocks are an effective means of provid-
ing anesthesia and analgesia for the upper extremity. Based 
on the anatomic location of the surgical area on the upper 
extremity, the brachial plexus can be approached at the 
desired level.

The interscalene approach, infraclavicular approach, 
and axillary approach with musculocutaneous nerve 
block are all adequate methods of providing analgesia for 
procedures involving the distal humerus. However, the 
complications listed below for interscalene and infraclavic-
ular approaches makes the axillary approach with musculo-
cutaneous nerve block the best choice to minimize further 
respiratory compromise.

Interscalene approach complications include 
phrenic nerve block (incidence is reported as high as 50% 
and, in some reports, there is some degree of phrenic nerve 
block in all patients; this is critical in very young children 
whose breathing is diaphragm dependent); block of the 
recurrent laryngeal nerve causing vocal cord paralysis and 
airway resistance; and pneumothorax.

Infraclavicular approach complications include poten-
tial for intrapleural injection and pneumothorax.

Axillary approach complications include hematoma 
and intravascular injection. This approach will not ade-
quately block the musculocutaneous nerve, which provides 
sensation to the elbow area because this nerve exits the 
brachial plexus proximally in the axillary fossa. A separate 
block of the musculocutaneous nerve is required.

K E Y FAC T S

• Opioids should be avoided (or their limited use closely 
monitored) in patients with respiratory compromise.

• Complications of the interscalene approach include 
phrenic nerve block, recurrent laryngeal nerve block, 
and pneumothorax.

• Complications of the infraclavicular approach include 
intrapleural injection and pneumothorax.

• Complications of the axillary approach include 
hematoma and intravascular injection.

• When using the axillary approach, a separate block 
of musculocutaneous nerve is required as the nerve 
branches out proximally.
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9. ANSWER: D

Circumcision is a common surgical procedure performed 
on all age groups, including neonates, infants, children, and 
adults. The most common indications are phimosis and paren-
tal preference. In the pediatric age group, this procedure is com-
monly performed under general anesthesia. Pain management 
options for the postoperative period include caudal epidural 
block, penile block (dorsal nerve and subcutaneous ring), 
parenteral and enteral opioids, and nonopioid analgesics.

Caudal epidural block is one of the simplest and most 
common blocks used in pediatric postoperative pain man-
agement. Up to 1 mL/kg (maximum 20 mL) of 0.125% or 
0.25% bupivacaine with or without epinephrine is injected 
into the sacral epidural space via the caudal approach. The 
relatively large volume of local anesthetic provides analgesia 
at the sacral and lumbar levels, which may last several hours. 
The penile block is also a commonly used anesthetic and 
analgesic technique for procedures involving the penis (cir-
cumcision, hypospadias repair, urethral dilatation), though it 
reliably provides analgesia for the distal two thirds of the 
penis. Penile blocks can be performed either as a dorsal nerve 
block or as a subcutaneous ring block or a combination of the 
two. It is performed by a single injection of 0.125% bupiva-
caine without epinephrine. Since the dorsal artery of the 
penis is an end artery, its vasospasm could cause necrosis, so 
epinephrine must be avoided for penile blocks.

Parenteral and enteral nonopioid analgesics are use-
ful adjuncts in surgical pain management. Ketorolac is a 
NSAID with very potent analgesic properties. One major 
concern is its effect on platelet aggregation and the poten-
tial for bleeding. Safety and efficacy have not been estab-
lished in infants and children.

Acetaminophen administered orally or rectally is a com-
monly used nonopioid analgesic in the pediatric age group. 
The recommended oral dose of acetaminophen is 10–15 mg/
kg every 4 hours with a maximum daily dose of 75 mg/kg for 
children and 3 g for adults. Due to the risk of hepatotox-
icity, the total daily dose should not exceed 75 mg/kg in 
children, 60 mg/kg in term neonates and preterm neo-
nates over 32 weeks postconceptual age, and 40 mg/kg 
in preterm neonates under 32 weeks postconceptual age.

K E Y FAC T S

• Caudal epidural block: up to 1 mL/kg (maximum 20 
mL) of 0.125% or 0.25% bupivacaine with or without 
epinephrine

• Penile block: 1 to 4 mL of 0.125% bupivacaine without 
epinephrine

• PO acetaminophen: is an effective form of nonopioid 
analgesics

• Acetaminophen maximum daily doses: 40 mg/kg for 
preterm neonates under 32 weeks postconceptual age, 
60 mg/kg for term neonates and preterm neonates over 
32 weeks postconceptual age, 75 mg/kg for children, 3g 
for adults
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10. ANSWER: C

Complex regional pain syndrome (CRPS) is the most 
recent nomenclature describing two types of painful condi-
tions, type I (formerly reflex sympathetic dystrophy, RSD) 
and type II (formerly causalgia). The hallmark of this con-
dition is the presence of pain, often with allodynia or 
hyperalgesia. The only difference between types I  and II 
is the presence of documented nerve injury in type II. In 
most cases, the affected area exhibits changes in skin color 
and temperature, edema, motor activities such as tremor, 
dystonia, and weakness.

Although both allodynia and hyperalgesia can be seen 
in either type of CRPS, the symptom presented in this case 
is more likely to be explained by hyperalgesia.

Paresthesia is an abnormal sensation whether sponta-
neous or evoked.

Allodynia is a pain sensation due to a stimulus (such as 
normal touch) that does not normally provoke pain.

Hyperalgesia is an increased response to a stimulus 
that is normally painful.

Dysesthesia is an unpleasant abnormal sensation, 
whether spontaneous or evoked.

K E Y FAC T S

• Paresthesia (just abnormal, i.e., numbness, tingling) 
versus dysesthesia (unpleasant)—both can be either 
spontaneous or evoked

• Hyperalgesia (exaggerated pain response to 
stimulus normally causing pain) versus allodynia 
(pain in response to stimulus not normally  
causing pain)
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11. ANSWER: A

Headache is one of the most common presentations of pain 
in children (approximately 60% of all pain presentations). 
Headaches are divided into two major groups. Primary 
headaches include migraine headache, tension-type 
headache, cluster headache, and trigeminal neuralgia. 
Secondary headaches are usually due to a variety of causes 
such as head and neck traumas, muscle spasms, vascular 
disorders, nonvascular intracranial disorders, infection, dis-
orders of eye, ear, nose, sinuses, teeth and cranium, homeo-
stasis disturbances, and psychiatric conditions.

A thorough evaluation of history, symptoms, prior records, 
and psychosocial status is important in the management of 
headache in the pediatric population. Multimodal strate-
gies, including pharmacological therapy, behavioral therapy, 
physical therapy as well as acupuncture and yoga, are useful.

However, the clinician should be cognizant of red flag 
symptoms and signs (Box 14.2), which can point to a seri-
ous underlying pathology. In the case presented here, the 
patient presents with worsening morning headaches and 
pain that awakens her from sleep, both of which can be 
signs of intracranial pathology. This warrants referral 
and/or an imaging study.

K E Y FAC T

• Recognize red flags that may indicate a serious 
underlying illness as the cause of headaches refractory to 
medical management.
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12. ANSWER: A

Multimodal drug therapy is one of the essential compo-
nents of chronic pain management. Single drug therapy 
often falls short, and a rational polypharmacy is prudent. 

Antidepressants, anticonvulsants, muscle relaxants, opi-
oids, and NSAIDs are commonly used medications in the 
treatment of chronic pain patients.

Baclofen is a centrally acting muscle relaxant medica-
tion commonly used in spastic conditions such as cerebral 
palsy and spinal cord injury. It interacts with Γ-amino 
butyric acid receptor (GABA) b subtype. It is most com-
monly administered orally, but it is also approved for intra-
thecal administration via implanted pumps.

Ketamine is a derivative of phencyclidine and exerts its 
effect on N-methyl-D-aspartate (NMDA) receptors as an 
antagonist. It is used in low doses for analgesia and in higher 
doses for sedation and anesthesia with a great margin of safety.

Gabapentin is an anticonvulsant agent with a molec-
ular structure that is similar to Γ-amino butyric acid 
(GABA). However, it does not bind or act on GABA recep-
tors. It exerts its effect by binding to the α2-delta subunit 
of the voltage-dependent calcium channels. It is the drug 
of choice in neuropathic pain management due to its good 
tolerability and minimal side effects.

Methadone is a synthetic opioid with a very long 
elimination half-life (mean of 19 hours). Methadone 
is administered orally (approximately 80% bioavailabil-
ity) or intravenously. Supplied as a racemic mixture, the 
l-isomer acts as a µ opioid, whereas the d-isomer acts as an 
N-methyl-D-aspartate (NMDA) receptor antagonist. Due 
to its long-acting effect and efficacy in treating neuropathic 
pain, it is a very useful drug in the management of patients 
with cancer pain and other serious illnesses.

K E Y FAC T S

• Baclofen: muscle relaxant, acts at GABA-b receptors, 
administered PO or intrathecally

Box 14.2 red flags and syMPtoMs for 
secondary headache

• Persistent vomiting

• Focal neurological signs

• Meningeal signs

• Unexplained fever

• Increased intracranial pressure

• Changes in behavior and mental status

• Sudden onset of severe headache

• Morning headaches

• Headaches awakening the child from sleep

SOURCE: Reprinted with permission from: Cote CJ, Lerman J, Todres ID, 
eds. A Practice of Anesthesia for Infants and Children. 4th ed. Philadelphia, 
PA: Saunders Elsevier; 2009:953.
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• Ketamine: PCP derivative, antagonizes NMDA 
receptors, used for analgesia or anesthesia

• Gabapentin: structure similar to GABA but acts at 
calcium channels

• Methadone: synthetic opioid, l-isomer acts at µ 
receptors, d-isomer acts at NMDA receptors
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13. ANSWER: D

Pain impulses are conducted at the dorsal horn of the spinal 
cord by two types of sensory nerve fibers. Myelinated A-δ 
fibers transmit sharp and well-localized pain rapidly. C 
fibers are unmyelinated and therefore possess a lower con-
duction velocity and transmit dull, aching, and diffusely 
localized pain. Nociceptive specific neurons are located 
at lamina I and II areas of the dorsal horn and receive input 
from both A-δ and C fibers. However, they are not involved 
in referred pain sensory conduction.

Referred pain is a result of the convergence of somatic 
and visceral nociceptive input into lamina V of the dor-
sal horn, where wide dynamic range neurons are located. 
These neurons receive input from both A-δ and C fibers as 
well. There are many examples of referred pain resulting 
from the convergence of somatic and visceral conduction, 
such as left arm pain with angina, right shoulder pain with 
cholecystitis, and shoulder pain with pleuritic stimulation 
from chest tube as demonstrated in this case.

K E Y FAC T S

• A-δ fibers: myelinated, fast conductance, well-localized 
and sharp pain immediately after injury (i.e., the pain 
you feel immediately after pricking your thumb with a 
needle)

• C-fibers: unmyelinated, slower conductance, diffuse 
pain (i.e., the throbbing sensation in your thumb several 
minutes after pricking it)

• Referred pain: secondary to convergence of somatic and 
visceral input including A-δ and C fibers
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14. ANSWER: B

Prolonged QT syndrome is a condition that presents 
as prolongation of the “corrected” QT interval on EKG. 
A  QTc more than 450 ms is considered abnormal. It is 
associated with genetic predisposition (long QT syndrome), 
certain disease states (chronic liver disease, hypothyroid-
ism), and adverse effects of certain drugs, including anti-
emetics (droperidol, dolasetron), analgesics (methadone), 
antidepressives (imipramine), antipsychotics (haloperidol), 
antiarrhythmics (amiodarone), and diuretics (thiazide). 
Prolonged QTc is a risk factor for sudden and serious 
ventricular arrhythmias.

Methadone is a synthetic opioid with a very long 
elimination half-life (mean of 19 hours). It is admin-
istered orally or intravenously with approximately 80% 
bioavailability via oral administration. Methadone is 
supplied as racemic mixture. The l-isomer acts as µ opi-
oid, whereas the d-isomer acts as N-methyl-D-aspartate 
(NMDA) receptor antagonist. Its effect on the NMDA 
receptor makes it effective in the treatment of neuro-
pathic pain and the development of tolerance as opposed 
to other opioids.

Due to methadone’s long-acting effect and its efficacy 
in neuropathic pain, it is a very useful drug in the man-
agement of patients with pain secondary to cancer and 
other serious illnesses. Methadone has a structural simi-
larity to the calcium-channel blocker verapamil. Thus, 
methadone in large doses may cause arrhythmias in pre-
disposed individuals who may already have prolonged QT 
syndrome.

Acetaminophen, ketorolac, and oxycodone have no 
known effects on QT interval.

K E Y FAC T S

• Various factors can affect the QTc: genetic 
predisposition (long QT syndrome), disease states 
(chronic liver disease, hypothyroidism), drugs, 
including antiemetics (droperidol, dolasetron), 
analgesics (methadone), antidepressives (imipramine), 
antipsychotics (haloperidol), antiarrhythmics 
(amiodarone), and diuretics.

• Methadone may predispose to arrhythmias in 
individuals who exhibit prolonged QTc because it is 
structurally similar to verapamil.
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15. ANSWER: C

Pain is defined as an unpleasant sensory and emotional 
experience associated with actual or potential tissue 
damage. Multiple classifications of pain exist, including 
those based on origin, duration (acute, chronic), under-
lying disease process (cancer pain), episodes, or intensity 
(recurrent, breakthrough pain).

Depending on the pathologic and emotional status of 
the patient, more than one type of pain may be present.

Somatic pain has a musculoskeletal origin and arises 
from tissues such as skin, mucosa, muscle, bones, and ligaments.

Neuropathic pain arises as a direct consequence of a 
lesion or disease affecting the somatosensory system 
(peripheral or central nervous system).

Visceral pain arises from internal organs such as bow-
els, kidneys, or ovaries as a result of distention, ischemia. or 
inflammation.

Psychogenic pain is a report of pain attributable pri-
marily to psychological factors usually in the absence of 
any objective physical pathology that could account 
for pain.

K E Y FAC T S

• Somatic pain: musculoskeletal in origin
• Neuropathic pain: secondary to direct injury or damage 

to nervous system
• Visceral pain: originates from internal organs
• Psychogenic pain: psychological in nature without 

identifiable cause
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16. ANSWER: A

Several peripheral and central nervous system receptors 
are responsible for pain sensory transmission. Primary 

nociceptive sensory neurons express multiple voltage-gated 
sodium channels, which are important targets in neu-
ropathic pain disorders. For example, familial erythro-
melalgia, a genetic disorder causing severe burning pain 
in extremities, is result of a mutation in voltage-gated 
sodium channels.

Neuronal calcium channels are also important targets 
in pain modulation. The gabapentinoids gabapentin and 
pregabalin are commonly used in chronic and neuropathic 
pain management. They exert their effects by modulating 
intracellular calcium influx via neuronal calcium channels.

Transient receptor potential vanilloid (TRPV) 
channels are other peripheral nervous system targets 
involved in pain sensation. Capsaicin, a natural ingredient 
of hot chili pepper, exerts its analgesic effect by interact-
ing with TRPV channels and interfering with release of 
substance P from cutaneous C fibers. Although capsaicin 
has been found to be useful in neuropathic pain conditions, 
its use, especially in pediatric patients, has been limited 
due to its untoward effects of stinging and burning at the 
application site.

The NMDA receptors of central nervous system are 
also involved in pain modulation. Systemically adminis-
tered low-dose ketamine, a NMDA antagonist, is an effec-
tive analgesic in most neuropathic pain conditions.

K E Y FAC T S

• Pain sensation is processed through several different 
receptors that act via sodium and calcium channels.

• Gabapentin and pregabalin act at calcium channels.
• Capsaicin acts at TRPV channels.
• Ketamine acts at NMDA receptors.
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17. ANSWER: C

Periods of acute pain are unfortunately a fact of life for chil-
dren with sickle cell. Referred to sickle cell “crisis,” these 
vaso-occlusive episodes of pain account for most hos-
pitalizations and emergency room visits of children with 
sickle cell. They tend to have an abrupt and unpredictable 
onset. The pain is typically located in the extremities, chest, 
lower back, and abdomen. These crises are often triggered 
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by infection, dehydration, hypoxia, and acidosis but not 
always. Frequent and severe crises can lead to chronic daily 
and persistent pain. In a study by Platt et al., 5% patients 
with hemoglobinopathy reported more than 30% of all 
pain episodes and those with a higher frequency of pain epi-
sodes died earlier than those with less frequent pain crises.

Interestingly, sickle cell crisis pain is not the result 
of direct tissue or nerve damage but the result of tissue 
hypoxia. While the precise mediators of sickle cell pain 
have not been clearly identified, neurobiological studies 
point to an important role by Substance P in ischemic pain 
as well as protons via acid-sensing ion channels (ASICs) 
that are expressed in the dorsal root ganglia and the brain. 
At home, sickle cell pain is usually treated with NSAIDs 
and oral opioids. Multidisciplinary approaches to pain 
management, including medications, biofeedback, hyp-
nosis, guided imagery, and family therapy, have been 
found to optimize pain control, normal functioning, and 
quality of life. When the pain is too severe or medications 
by mouth are not tolerated, hospitalization is necessary. 
Because of their wide fluctuations in pain levels, sickle cell 
crises are best initially treated with intravenous opioids 
delivered via patient-controlled analgesia. For that reason, 
long-acting opioids such as MS Contin or shorter acting 
orally administrated opioids are not initially recom-
mended. NSAIDs have not been found to be very effective 
for severe sickle cell pain. An addition of a low basal rate 
can be considered for patients already on chronic oral opi-
oids at home or once opioid requirements for effective anal-
gesia are known. Such opioid basal rate, however, presents 
an increased risk of hypoxemia, especially at night, possibly 
worsening the vaso-occlusive episode. Close nursing obser-
vation with frequent pain assessments and monitoring is 
highly recommended for these patients.

K E Y FAC T S

• Sickle crises are vaso-occlusive episodes of pain that are 
often triggered by infection, dehydration, hypoxia, and 
acidosis.

• Home regimen usually includes NSAIDs and oral 
opioids, whereas inpatient episodes of pain usually 
require intravenous opioids.

• Multidisciplinary approaches to pain management 
include medications, biofeedback, hypnosis, guided 
imagery, and family therapy.
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18. ANSWER: D

In addition to being an opioid agonist, methadone also 
acts as an antagonist to NMDA receptors (similarly to 
ketamine). For this reason, methadone is useful for treat-
ing chronic pain, given that NMDA activation is associ-
ated with hyperalgesia and opioid tolerance. Methadone 
is also used in children to wean off long-term opioid use, 
to prevent withdrawal, and to treat pain when other opi-
oids have failed. Of note, this synthetic opioid has a rela-
tively long half-life (around 19 hours) and can present an 
increased risk to sedation and respiratory depression. 
Methadone may also potentially cause QT prolongation by 
blocking delayed rectifier potassium channels. It is less likely 
to trigger torsades de pointes, however, since it increases the 
dispersion of repolarization by usually less than 100 msec. 
The pediatric IV dose of methadone is 0.1–0.2 mg/kg 
as a bolus with 0.05 mg/kg titrated every 6–8 hours after. 
It may also be given orally (0.1–0.2 mg/kg every 6–12 
hours). Methadone has been particularly useful in pediat-
ric patients with chronic diseases, cancers, and burns.

Ketamine has also been used to treat acute and chronic 
pain via NMDA antagonism. Using ketamine reduces the 
narcotic requirement, thus avoiding opioid tolerance and 
opioid-induced hyperalgesia. Ketamine also prevents cen-
tral sensitization and allows for synergistic analgesia with 
other medications. Its use has been shown to improve over-
all function and therefore improve family interaction in 
the pediatric population as well. Ketamine often preserves 
spontaneous ventilation and stimulates the cardiovas-
cular system due to catecholamine release. This medica-
tion may also sometimes cause a dissociative state for some 
patients given that it is a phencyclidine derivative. Ketamine 
may be administered via multiple routes, including orally, 
sublingually, intramuscularly, intravenously, and rectally.

Gabapentin acts on voltage-dependent calcium 
channels and combines the greatest efficacy with the least 
side effects in the treatment of neuropathic pain, chronic 
abdominal pain, and migraines in the pediatric popula-
tion. Paroxetine is a selective serotonin reuptake inhibi-
tor (SSRI). SSRIs have not been shown to have analgesic 
effects most likely because of the lack of norepinephrine 
reuptake. Duloxetine is a selective serotonin and norepi-
nephrine reuptake inhibitor and is used in treatment of 
chronic pain in children who also have depression.

K E Y FAC T S

• Methadone is both an opioid agonist that also acts as an 
antagonist to NMDA receptors.

• NMDA activation is associated with hyperalgesia and 
opioid tolerance.

• Methadone has a very long half-life of 19 hours and thus 
can present an increase risk to sedation and respiratory 
depression.
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19. ANSWER: C

Gabapentin, an anticonvulsant, binds to voltage-   
dependent calcium channels, reducing the calcium 
current and decreasing glutamate release in the dor-
sal horn. The results include decreased neuronal activity, 
AMPA receptor activation on noradrenergic synapses, 
and substance P production. Side effects include sedation, 
peripheral edema, mood swings, irritability, and suicidality 
in teens. For pediatric patients (<60 kg), 10–15 mg/kg/
dose TID are generally used, but this dose is reached after 
titration over several weeks. Readjustment to these doses 
is required for patients with renal failure (mode of elimi-
nation), but not hepatic failure, given that it is not metabo-
lized by the liver. Side effects of this drug include sedation, 
dizziness, confusion ataxia, headaches, and confusion.

Gabapentin was created as a structural analogue of 
GABA, hence the name; however, it does not interact 
with the GABAergic system. Gabapentin does not bind to 
GABA or NMDA receptors. Gabapentin has been shown 
to be an effective first-line treatment for neuropathic pain 
such as phantom limb pain.

Neuropathic pain is chronic pain that persists via 
activation of nociceptive neurons even without any 
inflammation or tissue injury. The form of pain may be 
varied, ranging from ongoing aching pain to abnormal 
stimulus-evoked pain to brief lancinating pain that may be 
spontaneous or stimulus evoked. On exam, allodynia (pain 
caused by a nonpainful stimulus) and hyperalgesia (exag-
gerated pain response to a normally painful stimulus) are 
positive findings for neuropathic pain. Other findings may 
include muscle tone, bulk, and strength abnormalities indi-
cating involvement of motor neurons in addition to nocicep-
tive ones. Autonomic neurons may also be involved, causing 
color, temperature, and vascular changes in affected tissue.

Phantom limb pain is one type of neuropathic pain that 
consists of perceived pain distal to the site of amputation. 
The mechanism is thought to involve spontaneous activa-
tion of central sensory neurons that previously were acti-
vated by afferents from nerves in the lost limb. Treatments 
for phantom limb pain include tricyclic antidepressants, 
anticonvulsants such as gabapentin, sodium channel 
blockers, opioids, and more invasive procedures, includ-
ing implanted neural stimulators/pumps. These treatments 
have been shown to be less successful for phantom limb 
pain versus other neuropathic pain syndromes, however.

K E Y FAC T S

• Gabapentin, an anticonvulsant, binds to voltage-
dependent calcium channels, reducing the calcium 
current and decreasing glutamate release in dorsal horn 
neurons of the spinal cord.

• Neuropathic pain is caused by activation of nociceptive 
neurons even without any inflammation or tissue injury.
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20. ANSWER: B

Allodynia is pain that is caused by a stimulus that nor-
mally is not painful (i.e., lightly rubbing the skin). This 
form of pain has been seen in multiple neuropathic pro-
cesses, including chronic regional pain syndrome. The mech-
anism of allodynia includes a reduced threshold of action 
at peripheral nociceptor terminals and CNS myelinated 
Aβ fibers. Hyperalgesia describes increased, exaggerated 
pain response to a normally painful stimulus. Neuralgia 
describes pain that correlates to a peripheral nerve; usually 
the sensation is electric and sharp. Paresthesia is not a form 
of pain; it is an abnormal sensation (i.e., pinprick) that can 
be either spontaneous or caused by some stimulus, while 
dysesthesia is a painful, unpleasant sensation that can 
be either spontaneous or evoked by a stimulus.

K E Y FAC T

• Allodynia is pain that is caused by a stimulus that 
normally is not painful; it is caused by reduced threshold 
of action at peripheral nociceptor terminals and CNS 
myelinated Aβ fibers.
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21. ANSWER: B

The nature of pain in neonates, as a conscious experience, 
remains unclear. There is, however, unquestionable evidence 
that neonates respond to pain and that untreated pain results 
in harmful neuroendocrine responses, disrupted eating 

 

 

 

 

 

 

 

 

 

 

 



14 .   Pa Inful dIsease states  •   415

and sleeping cycles, and sensitization to pain, as evidenced 
by increased response to pain during later painful events. 
Despite these findings, pain in neonates is often undertreated 
because of difficult pain assessments, insufficient knowledge 
of clinicians, and concern for addiction to narcotics.

Pain pathways develop during the second and third 
trimester and at 26 weeks postconceptual age, the 
peripheral and spinal afferent transmission is matured 
enough to respond to tissue injury and inflamma-
tion with withdrawal reflexes, autonomic arousal, 
and hormonal-metabolic stress responses. Withdrawal 
thresholds to noxious stimuli are lower in preterm neonates 
than older neonates, infants, and children.

K E Y FAC T S

• Pain pathways develop during the second and third 
trimester of gestation.

• By 26 weeks postconceptual age, the peripheral and 
spinal afferent transmission are matured enough 
to respond to tissue injury and inflammation with 
withdrawal reflexes, autonomic arousal, and hormonal-
metabolic stress responses.
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22. ANSWER: C

Pain assessment in children unable to communicate or ver-
balize their pain such as this patient constitutes a significant 
challenge for clinicians. At the same time, such patients 

often experience more pain because of associated condi-
tions such as muscle spasms, spasticity, and often many 
surgical procedures. Studies have shown that pain in cog-
nitively impaired children is vastly undertreated because 
of challenging pain assessment and concerns for side effects 
of narcotics administration. As a result, several behav-
ior scales have been developed to attempt to better assess 
pain in these patients. Examples of these scales include 
the University of Wisconsin Pain Scale for Preverbal 
and Nonverbal Children, the Non-communicating 
Children’s Pain Checklist Postoperative Version 
(NCCPC-PV), and the revised Face Legs, Activity, Cry, 
Consolability Observational Tool (r-FLACC). Because 
of greater simplicity, easier implementation, and good inter-
rater reliability, the r-FLACC is most often used in clinical 
settings and provides with an overall pain score from 0 to 
10 (see Table 14.1). The Wong Baker Faces Pain Scale is 
a pain self-assessment visual tool that has been extensively 
validated in children aged 3 to 18  years. This scale is not 
appropriate for a child with severe cognitive impairment. 
The Visual Analog Scale is also a pain self-assessment tool 
that is not appropriate for this patient (Table 14.1).

K E Y FAC T

• R-FLACC is most often used to assess pain 
in cognitively impaired children because of 
simplicity, easier implementation, and good 
interrater reliability.
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Table 14 .1 revIsed flacc for PaIn assessMent In the cognItIvely IMPaIred

0 1 2

Face no particular 
expression or smile

occasional grimace/frown; withdrawn or 
disinterested [appears sad or worried]

consistent grimace or frown frequent/
constant quivering chin, clenched jaw 
[distressed-looking face; expression of fright 
or panic]

Legs normal position or 
relaxed

uneasy, restless, tense [occasional tremors] Kicking, or legs drawn up [Marked increase in 
spasticity, constant tremors or jerking]

Activity lying quietly, normal 
position, moves easily

squirming, shifting back and forth, tense 
[Mildly agitated (e.g., head back and forth, 
aggression); shallow, splinting respirations, 
intermittent sighs]

arched, rigid, or jerking [severe agitation head 
banging; shivering (not rigors); breath holding, 
gasping or sharp intake of breath; severe 
splinting]

Cry no cry (awake or 
asleep)

Moans or whimpers, occasional complaint 
[occasional verbal outburst or grunt]

crying steadily, screams or sobs, frequent 
complaints [repeated outbursts, constant 
grunting]

Consolability content, relaxed reassured by occasional touching, hugging or 
“talking to,” distractible

difficult to console or comfort [Pushing away 
caregiver, resisting care or comfort measures]

Note: Revised descriptors for children with disabilities shown in brackets.
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23. ANSWER: D

Acupuncture has become more popular and widely excepted 
in the United States. One of its benefits is that the analge-
sic effects of acupuncture may persist for several hours 
after application; however, the effects are not immediate 
and may take 20–30 minutes to act. This complementary 
therapy originated in China and incorporates the idea of 
qi (life force/energy) via various pathways called merid-
ians. Acupuncture uses specific points along these merid-
ians to correct any imbalances in these meridians that cause 
pain. Depending on the specific form of acupuncture, there 
are hundreds to thousands (2000) of different points in 
the body. Other popular forms have evolved that include 
Korean hand acupuncture, Japanese acupuncture, French 
energetics system, electroacupuncture, and percutaneous 
electrical nerve stimulation.

Many studies investigating the efficacy of acupuncture 
have varied results in large part to the variability of skills of 
the acupuncturists. It is thought that needling of nerve fibers 
in the muscle sends impulses to the spinal cord, midbrain, 
and hypothalamus-pituitary system. Enkephalin, dynor-
phin, beta-endorphins, GABA, serotonin, norepineph-
rine, and nitric oxide are all thought to be involved in 
these systems. Endorphin enzyme degradation and opioid 
antagonists may both hinder the analgesic properties of 
acupuncture. Animal studies have shown that deficiency in 
opioid receptors and endorphins limits the analgesic effects 
of acupuncture. The World Health Organization has deter-
mined in 2002 (based on a review of multiple clinical tri-
als) that acupuncture is effective in treating allergies, biliary 
colic, depression, dysentery, dysmenorrheal, epigastritis, 
facial pain, headache, hypertension, hypotension, induction 
of labor, knee pain, leucopenia, low back pain, malposition 
of fetus, morning sickness, nausea, vomiting, neck pain, 
dental pain, shoulder arthritis, postoperative pain, renal 
colic, rheumatoid arthritis, sciatica, sprains, stroke, and ten-
nis elbow. Further studies are constantly being conducted 
to increase the acceptance of acupuncture as an effective 
means for pain control.

K E Y FAC T S

• Analgesic effects of acupuncture may persist for several 
hours after application.

• Acupuncture can be effective in treating a variety of 
conditions, including allergies, biliary colic, depression, 
dysentery, dysmenorrheal, epigastritis, facial pain, 
headache, hypertension, hypotension, induction of labor, 
knee pain, leucopenia, low back pain, malposition of 
fetus, morning sickness, nausea, vomiting, neck pain, 
dental pain, shoulder arthritis, postoperative pain, renal 
colic, rheumatoid arthritis, sciatica, sprains, stroke, and 
tennis elbow.
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24. ANSWER: A

The main difference between types I  and II CRPS is the 
evidence of major nerve injury; in fact, CRPS type II was 
previously known as causalgia. Both CRPS types involve 
allodynia, hyperalgesia, and edema and color changes 
to the affected site. Allodynia is pain caused by a stimulus 
that is not normally painful. Hyperalgesia is an exaggerated 
pain response to a normally painful stimulus. Other symp-
toms include weakness, tremors, dystonia, immobility, and 
changes in hair/nail growth.

In the pediatric population, CRPS is more common 
in females, Caucasians, and after the age of 10 years old. 
Many times, patients are active and high achievers; it has 
been suggested that there is also a genetic predisposition 
for this syndrome.

CRPS diagnostic criteria include the following:

• Continuing pain disproportionate to inciting event
• At least one sign and one symptom in three or more 

categories:
• Sensory (allodynia, hyperalgesia)
• Vasomotor (temperature, skin color changes and/or 

asymmetry)
• Sudomotor (edema, sweating changes and/or 

asymmetry)
• Motor/trophic (decreased range of motion, motor 

dysfunction, hair/nail/skin changes
• No other diagnosis can better explain the signs and 

symptoms.
• CRPS Type I: no evidence of significant nerve injury
• CRPS Type II: evidence of significant nerve injury

Evaluation of this syndrome is multifactorial and includes a 
detailed, physical exam, including a full neurological exam, 
behavioral assessment, psychosocial assessment, physical 
therapy assessment, and a careful review of previous medi-
cal records.

The treatment of CRPS is focused on functional 
restoration of the affected region via rapid initiation 
of multidisciplinary therapy. The likelihood of cure is 
much higher if treatment is started in the initial phase 
of the disease. The treatment of CRPS includes the 
following:

• Physical therapy: stress loading, desensitization, active 
range of motion
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• Regional and sympathetic blocks (no neurolysis)
• Medications: NSAIDs, opioids, anticonvulsants, TCAs, 

alpha-blockers, bisphosphonates
• Behavioral medicine and psychological intervention

K E Y FAC T S

• CRPS is defined continuing pain disproportionate to 
inciting event and one sign and one symptom in three 
or more categories: sensory, vasomotor, sudomotor, and 
motor/trophic.

• CRPS Type I: no evidence of significant nerve injury.
• CRPS Type II: evidence of significant nerve injury.
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25. ANSWER: C

This patient has most likely chronic abdominal wall pain 
secondary to an anterior cutaneous nerve entrapment 
syndrome (ACNES). Chronic abdominal wall pain is often 
missed and misdiagnosed. A  study of referral patients by 
gastroenterologists found that almost 8% of patients with 
chronic abdominal pain had in fact chronic abdominal 
wall pain. Chronic abdominal wall pain originates in the 
abdominal wall and does not involve the abdominal vis-
cera. The most common cause of chronic abdominal wall 
pain is ACNES. In ACNES, there is an entrapment of one 
of the intercostal nerve branches (T7-T12) as it courses 
through the abdominal muscle wall in the TAP plane and 
then through the rectus abdominis muscle. One common 
area of entrapment is when the nerve makes a 90-degree 
turn from the posterior sheath of the rectus abdomi-
nis muscle to innervate the anterior cutaneous area of the 
abdominal wall. It is thought that the pain from ACNES 
results from compression or stretching of the nerve 
in this area. The nerve can also be pushed or stretched by 
intraabdominal or extraabdominal processes. The typical 
history and physical exam findings of ACNES include 
a very localized point of maximum pain and tenderness 
often situated at the edge of the rectus abdominis muscle; 
burning, sharp, and continuous pain exacerbated by tension 
of abdominal muscles; or increased abdominal pressure 
and presence of surgical scars. The area around the point 
of maximum pain is often allodynic. One important aspect 
of the physical examination for suspected ACNES is a 

positive Carnett’s test. This test is best performed with the 
patient prone and relaxed. If the patient has increased ten-
derness in the tender region when asked to elevate the head 
and shoulders, then the test is considered positive. When 
the pain arises from the abdominal wall, the muscle con-
traction accentuates the pain, whereas when the pain arises 
from an intraabdominal process, the tensed muscles guard 
the underlying viscera, thereby reducing pain. It is impor-
tant, however, to recognize that there are false positives 
with the Carnett’s sign and that the presence of ACNES 
does not rule out an intraabdominal process as both entities 
can coexist.

The most definitive way to diagnose ACNES is to per-
form a diagnostic TAP block. Patient with ACNES will 
experience temporary complete or almost complete relief 
with such block. When patients experience more than 
50% in pain relief, the diagnostic test is considered posi-
tive. The treatment of ACNES depends on its severity. 
For mild ACNES, conservative measures such as abdomi-
nal binder, heat, and minimizing aggravating activities are 
often enough. The symptoms usually resolve over several 
weeks. For moderate to severe ACNES, treatment includes 
targeted TAP or rectus sheath block using steroids, radio-
frequency ablation, neurolysis, and surgical interventions.

K E Y FAC T S

• A study of referral patients by gastroenterologists found 
that almost 8% of patients with chronic abdominal pain 
had in fact chronic abdominal wall pain.

• Chronic abdominal wall pain originates in the 
abdominal wall and does not involve the abdominal 
viscera.

• The most common cause of chronic abdominal wall 
pain is ACNES, where there is an entrapment of one 
of the intercostal nerve branches (T7-T12) as it courses 
through the abdominal muscle wall in the TAP plane 
and then through the rectus abdominis muscle.

• One common area of entrapment is when the nerve 
makes a 90-degree turn from the posterior sheath of 
the rectus abdominis muscle to innervate the anterior 
cutaneous area of the abdominal wall.

• It is thought that the pain from ACNES results from 
compression or stretching of the nerve in this area.

• The most definitive way to diagnose ACNES is to 
perform a diagnostic TAP block.
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26. ANSWER: A

This patient’s opioid requirement for IV narcotics is roughly 
morphine 0.03 mg/kg/hr given the patient’s weight (50 kg) 
and total amount (36 mg) in 24 hours.

36 mg/50 kg/24 hr = 0.03 mg/kg/hr
Based on Table 14.2 this correlates best with Answer A, 

oxycodone 5–10 mg every 4 to 6 hours as needed. IV mor-
phine 0.03 mg/kg per hour correlates with oral oxycodone 
0.1–0.2 mg/kg every 4–6 hours. For a 50 kg patient, this 
would translate to:

50 kg × 0.1 mg/kg = 5 mg
to
50  kg × 0.2 mg/kg  =  10 mg of oxycodone every 4 to 

6 hours
In clinical practice, the converted oral opioid dose 

would also be reduced another 20%–30% to provide 

a margin of safety to avoid side effects and toxicity rang-
ing from nausea, vomiting, and oversedation to respiratory 
depression/apnea. In general, morphine PO to IV is 1:3 
to 1:6 (for opioid-naïve patients). The rest of the ratios are 
listed in Table 14.2 by Cote et al.

Answers B, C, and D are higher than the recommended 
dose. For a 50 kg pediatric patient, the correct oral regimens 
would be:

• Hydrocodone 5–10 mg every 4 hours (IV morphine 0.03 
mg/kg/hr correlates with oral hydrocodone 0.1–0.2 mg/
kg every 4–6 hours, which would be 5–10 mg for a 50 kg 
patient)

• Methadone 5–10 mg every 6 hours (IV morphine 0.03 
mg/kg/hr correlates with oral methadone 0.1–0.2 mg/
kg every 4–6 hours, which would be 5–10 mg for a 50 kg 
patient)

• Morphine sustained release 15–30 mg every 8 hours (IV 
morphine 0.03 mg/kg/hr correlates with SR morphine 
15–30 mg for patients 35–50 kg)

Table 14.3 outlines the general setup for IV narcot-
ics via PCA (patient-controlled analgesia) in the pediatric 
population.

K E Y FAC T S

• In clinical practice, the converted oral opioid dose 
would also be reduced another 20%–30% to provide a 

Table 14 .2 oPIoId analgesIcs: relatIve Potency and InItIal dosIng guIdelInes

DRUG POTENCY R ELATIVE 

TO MOR PHINE

OR AL DOSE INTR AVENOUS DOSE PO:IV DOSE 

R ATIO

Morphine 1 0.3 mg/kg q3–4hr
sustained release:
20–35 kg: 10–15 mg q8–12hr
35–50 kg: 15–30 mg q8–12hr

Bolus: 0.1 mg/kg q2–4hr
Infusion: 0.03 mg/kg/hr

1:3 1:6 for 
opioid-naive 
child

hydromorphone 5–7 0.04–0.08 mg/kg every 3–4hr Bolus: 0.2 mg/kg q2–4hr
Infusion: 0.006 mg/kg/hr

fentanyl 80–100 na Bolus: 0.5–1 μg/kg q30 minutes to 
2 hours infusion: 0.5–2 μg/kg/hr

na

codeine 0.1 0.5–1 mg/kg q4–6hr nr na

oxycodone 1–1.5 0.1–0.2 mg/kg q4–6hr na na

hydrocodone 1–1.5 0.1–0.2 mg/kg q4–6hr na na

Methadone 1 0.1–0.2 mg/kg q6–12hr 0.1 mg/kg q6–12hr 1:2

oxymorphone 1 0.03 mg/kg q4–6hr na na

nalbuphine 0.8–1 0.3 mg/kg q2–4hr 50–100 μg/kg q2–4hr 4–5:1

NA, Not applicable; NR, not recommended.

SOURCE: From Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 2009. Adapted 
from Berde CB, Sethna NF. Analgesics for the treatment of pain in children. N Engl J Med. 2002;347:1094.
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margin of safety to avoid side effects and toxicity ranging 
from nausea, vomiting, and oversedation to respiratory 
depression/apnea.

• In general, morphine PO to IV is 1:3 to 1:6 (for opioid-
naïve patients).
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Table 14 .3 PatIent-controlled analgesIa dosIng guIdelInes

DRUG DEM AND DOSE 

(ΜG/KG)

LOCKOUT INTERVAL 

(MIN)

CONTINUOUS BASAL 

INFUSION (ΜG/KG/HR)

4-HOUR LIMIT 

(ΜG/KG)

Morphine 10–20 6–15 0–20 250–400

hydromorphone 2–4 6–15 0–4 50–80

fentanyl 0.5 6–10 0–0.5 7–10

 



420

15.

OTOLA RY NGOLOGY

Daniel K. Broderick and Pacifico Tuason

1. A 2-year-old boy has a witnessed choking episode on 
a peanut. He now has frequent coughing and an inspi-
ratory stridor. Oxygen saturation is 96% on room air. 
Chest X-ray showed no radio-opaque objects. The sur-
geon wants to perform a rigid bronchoscopy and pos-
sible foreign body removal. What information is most 
appropriate when proceeding with the anesthetic man-
agement for this patient?

A. A normal chest X-ray is the most common 
radiographic finding in acute foreign body 
aspiration.

B. IV induction with rapid sequence intubation is the 
most appropriate choice for this patient.

C. Maintenance of light to moderate IV anesthesia is 
most often used to prevent respiratory complications.

D. Severe laryngeal edema and bronchospasm are the 
most common major nonfatal complications.

2. A 12-year-old girl with Trisomy 21 will undergo ton-
sillectomy for a history of obstructive sleep apnea. The 
patient is followed closely by her pediatrician and has 
had extensive presurgical testing prior to today’s proce-
dure. Which of the following statements is most accurate 
when considering an anesthetic plan for this patient?

A. The incidence of atlantoaxial instability in Trisomy 
21 is 12%–32% and can be ruled out with review 
of prior cervical spine radiograph or computed 
tomography (CT).

B. McGill oximetry score of 2 correlates with a 
significantly higher risk of major postoperative 
respiratory complications and the need for preemptive 
pediatric intensive care unit (PICU) admission.

C. Equianalgesic doses in children with OSA with 
preoperative saturation nadir of less than 85% is 
one-half that of children whose nadir was greater 
than 85%.

D. Posttonsillectomy bleeding is uncommon and 
typically occurs 5–10 days after surgery when the 
eschar covering the tonsillar bed retracts.

3. A 10-year-old boy with a tracheostomy tube becomes 
dyspneic and is unable to ventilate. He requires emer-
gency tracheostomy evaluation and possible revision. 
You quickly stop by the anesthesia supply room and, 
aside from a variety of endotracheal tubes, what is the 
most appropriate type of extra tracheostomy tube to 
bring to the operating room?

A. Inner diameter (ID): 5.5 mm; outer diameter 
(OD): 7.9 mm; uncuffed, fenestrated

B. Inner diameter (ID): 5.5 mm; outer diameter 
(OD): 7.9 mm; cuffed, nonfenestrated

C. Inner diameter (ID): 6.5 mm; outer diameter 
(OD): 9.0 mm; uncuffed, fenestrated

D. Inner diameter (ID): 6.5 mm, outer diameter 
(OD): 9.0 mm; cuffed, nonfenestrated

4. A  newborn infant girl has cyanosis and an inspira-
tory stridor. She is intubated by the pediatric team 
shortly after delivery. In the neonatal intensive care unit 
(NICU), a small suction catheter is introduced into the 
nose and is not visible in the pharynx. She is stable and 
the surgeon wants to take the patient to the operating 
room for definitive surgical procedure. Which of the 
following is an appropriate next step in management of 
this infant?

A. Blind trans-nasal puncture with trochar
B. Bypass imaging for immediate repair
C. Flexible nasal endoscopy by surgeon
D. Obtain an urgent echocardiogram

5. A  5-day-old term infant boy with Type C tracheo-
esophageal fistula is undergoing primary repair. IV 
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induction was uneventful and the tube was advanced to 
the right mainstem and withdrawn until breath sounds 
were present. Tube placement was verified with a bron-
choscope. During surgical exposure, the patient desatu-
rates to 70% and abdomen becomes distended. What is 
the most likely cause?

A. Hyperextension of the neck during repositioning
B. Occlusion of the proximal suction catheter
C. Lung and mediastinal retraction by the surgeon
D. Shunting of blood from a left-to-right ventricular 

septic defect (VSD)

6. An ex-28-week premature baby boy is currently 
2 months old. He was intubated right after birth for low 
Apgar scores. Four weeks later, after multiple reintuba-
tions for different reasons, he was extubated and was 
doing relatively well. He is still in the NICU but is now 
noted to have progressive respiratory stridor, dyspnea, 
air hunger, and retractions. Continuous positive airway 
pressure (CPAP) was initiated with minimal improve-
ment. The best next step is to:

A. Take soft tissue radiographs of the neck and 
computed axial tomography.

B. Obtain a gastrointestinal (GI) consult for possible 
gastroesophageal reflux disease and pH probe 
placement.

C. Do a flexible and rigid endoscopy of the airway and 
esophagus to evaluate for acquired stenosis, then 
intubate.

D. Wait and observe.

7. When performing tympanoplasty and mastoidec-
tomy procedures, which of the following should be 
avoided when the patient is under anesthesia:

A. Neuromuscular blockade is essential for proper 
positioning and lateral rotation of the head for 
middle ear visualization during surgery.

B. In patients with Down syndrome and 
achondroplasia there is a 15%–31% chance of having 
atlantoaxial instability; hence, extreme caution 
should be taken when positioning the head.

C. Relative hypotension (i.e., mean arterial pressure 
10% to 25% less than baseline) may help to reduce 
bleeding.

D. The omission of nitrous oxide does not significantly 
increase the requirements (minimal alveolar 
concentration) for less soluble inhaled anesthetics.

8. An otherwise healthy 2-year-old child has a recurrent 
history of otitis media and is scheduled for myringot-
omy tube placement under general anesthesia. When 

seen in the holding area, you noted rhinorrhea and an 
occasional cough. The parents claim that this has been 
going on and off for the last several months with no 
fever. His O

2
 saturation on room air was 94%. Which 

of the following most likely applies regarding care of 
patients with recurrent history of otitis media for myr-
ingotomy tube placement?

A. Serous otitis media can be recurrent but is treatable 
and does not lead to hearing loss.

B. Complications in children with mild upper 
respiratory infections (URIs) is similar to those 
without URIs perioperatively and thus surgery can 
proceed.

C. Controlled respirations with potent inhaled 
anesthetics delivered via face mask and no IV access 
is the usual standard practice.

D. Rectal acetamenophen is rapidly absorbed, achieving 
therapeutic blood levels in minutes compared to oral 
acetaminophen.

9. An 8-year-old Chinese girl is scheduled for adeno-
tonsillectomy. She has been diagnosed with obstruc-
tive sleep apnea (OSA) and tolerates the use of CPAP 
at night. Which of the following mediations used for 
adenotonsillectomy applies?

A. A single dose of dexamethasone (1 mg/kg) is 
associated with reduced parental and physician rated 
pain scores after adenotonsillectomy.

B. The Cochrane Collaboration assessed the effect of 
NSAIDs on bleeding after pediatric tonsillectomy 
and found an increase in bleeding.

C. Dexmedetomidine use, especially in obese children, 
is not well tolerated.

D. Codeine, a “low-risk” oral opioid commonly used in 
the ambulatory setting, is a good analgesic of choice 
for patients with OSA.

10. A  4-year-old, 18  kg girl is scheduled to undergo 
treatment for laryngeal papillomatosis with a CO

2
 

laser. Which of the following techniques is most likely 
to harm the patient in the event of airway fire?

A. Minimal oxygen (21%) with sevoflurane and 
nitrous oxide

B. Placement of a wet towel over the head and chest
C. Aluminized plastic endotracheal tube with 

saline-filled cuff
D. Immediate extubation if smoke is detected in the 

surgical field

11. A 3-year-old boy is scheduled to undergo typanos-
tomy tube placement. He has had a runny nose and wet 
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cough for 3 days. His temperature is 38.3°C, lungs are 
clear, and he has green nasal discharge. The parents 
say that their son gets 6–8 colds a year and that it was 
difficult to get time off. What single component of the 
patient’s history puts him at highest risk for laryngo-
spasm during the procedure?

A. Surgical procedure
B. Fever >38°C
C. Green nasal discharge
D. Productive cough

12. A 38 kg, 13-year-old girl is to undergo sinus abscess 
drainage. The ENT requests a topical anesthetic to the 
nasal mucosa. In the preoperative area, you soak cot-
ton swabs with 4% cocaine and place the bottle on the 
counter. Her mother asks about the safety of cocaine as 
a topical anesthetic. Which of the following can be part 
of an appropriate response?

A. It is an amide-type local anesthetic and metabolized 
by liver enzymes.

B. The maximum safe dose is 3.5 mg/kg to avoid 
systemic effects.

C. 40% of the cocaine is absorbed during application by 
nasal swab.

D. Peak systemic concentrations occur 30 minutes after 
intranasal application.

13. An uncooperative 3-year-old boy with seizure dis-
order on phenytoin is premedicated with oral mid-
azolam prior to rigid bronchoscopy for foreign body 
removal. Following induction, the surgeon uses the jet 
ventilator attached to a sidearm of the rigid broncho-
scope to assist in ventilation. You administer 0.5 mg/
kg of dexamethasone to reduce inflammation and air-
way edema. The foreign body is successfully removed. 
Which of the following is a correct statement about 
this case?

A. Phenytoin suppress CYP3A4 activity, resulting in 
slower metabolism of midazolam.

B. Peak concentrations of oral midazolam occur 30–40 
minutes after administration.

C. High-frequency jet ventilation uses tidal volumes of 
1–3 cc/kg.

D. This dexamethasone dose is similar to the minimal 
effective dose for PONV.

14. A  2-month-old, full-term baby is scheduled for 
hernia repair. Other than a few breath-holding spells 
when she was younger, the baby is noted to be doing 
well. On examination you noted that she is on the 
“chunky” side. Which of the following is most likely 

to describe airway mechanics happening during 
anesthesia:

A. During inhalational induction, airway obstruction 
occurs because the pharynx is particularly prone 
to collapse from the negative pressure during 
inspiration on an infant’s large tongue.

B. The principal muscle that dilates the pharynx is the 
hyoglossus muscle.

C. Hyperoxia and hypocarbia will increase the dilating 
activity of the upper airway muscles.

D. The larynx of the infant is located in the neck at 
C2-3 level as opposed to adults where it is located 
at C4-5.

15. A 7-year-old boy is emergently being brought to the 
operating room for posttonsillectomy bleeding. His 
primary surgery was done 6  days ago and was noted 
to be uneventful. This morning he started noticing 
blood after drinking a glass of milk. The mother claims 
that 2 hours prior the bleeding was profuse and that 
is why they decided to rush to the emergency depart-
ment. Which of the following describes the course of a 
posttonsillectomy bleed?

A. Bleeding post tonsillectomy is more common 5 to 
10 days after surgery when the eschar covering the 
tonsillar bed retracts.

B. The most common site for postoperative tonsillar 
bleed originates in the tonsillar fossa.

C. Posttonsillectomy bleeding is not a surgical 
emergency.

D. Coagulation studies are not indicated for patients 
who bleed post tonsillectomy.

16. A  6-year-old child is scheduled for bronchoscopy 
for recurrent pneumonia. You noticed that he has been 
coughing quite often at the holding area, and you are 
worried that he will do the same once the bronchoscope 
is inserted. You decided that you will give a paralytic for 
the procedure and allow apneic oxygenation through 
side port of the bronchoscope as tolerated. If no ventila-
tion occurs, the rate of rise of arterial carbon dioxide 
per minute is:

A. 1–5 mm Hg
B. 6–10 mm Hg
C. 11–15 mm Hg
D. 16–20 mm Hg

17. An 8-year-old boy is undergoing laser surgery for 
laryngeal polyps with an endotracheal tube. The patient 
is paralyzed and you have dropped your FiO

2
 setting 

50%. Several minutes into the case while the surgeon 
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was using the laser machine you noticed smoke coming 
out of the surgical field. Even before you can say some-
thing to the surgeon and to the operating room team, 
you noticed fire on the surgical site. According to the 
American Society of Anesthesiologist Practice Advisory 
for the Prevention and Management of Operating Room 
Fires, the first step you should do for airway fire is:

A. Turn all airway gases down to zero.
B. Pour saline over the surgical site.
C. Immediately remove the endotracheal tube.
D. Remove any flammable material from the 

surgical site.

18. A  5-month-old infant diagnosed with Trisomy 21 
is coming in for bilateral cleft lip repair. Her workup 
came out negative for any other associated congenital 
anomalies. On physical exam you noted that her tongue 
is slightly enlarged and protruding. You are worried 
she might obstruct her airway after extubation so you 
decided to eliminate any long-acting narcotic for the 
case. What nerves can you block to reduce the need for 
narcotics?

A. External nasal nerve and buccal nerve
B. External nasal nerve and zygomaticofacial nerve
C. External nasal nerve and infraorbital nerve
D. External nasal nerve and infratrochelear nerve

19. A 5-year-old, otherwise healthy child is undergoing 
tonsillectomy for recurrent strep infections. The parents 
claim that this child is known to have motion sickness, 
which he gets from the mother’s side of the family. What 
is the incidence of PONV after adenotonsillectomy?

A. 20%
B. 45%
C. 70%
D. 90%

20. A 10-year-old boy with Duchenne muscular dystro-
phy (DMD) has a 3 cm peritonsillar abscess that tracks 
several centimeters in the cephalad and caudad direc-
tion. Computed tomography (CT) shows severe medi-
astinitis. Temperature is 39.1°C and the O

2
 saturation 

is 95%. He has facial swelling and his mouth opening 
is <1 cm. His last meal was a frozen milkshake 2 hours 
ago. The surgeons want to proceed emergently for 
abscess drainage and VATS. Which of the following is 
the best choice when considering the anesthetic plan for 
this patient?

A. Proceed with RSI with rocuronium and propofol 
because the patient is a full stomach.

B. Routine insertion of a nasogastric tube after 
induction is relatively contraindicated.

C. Succinycholine and volatile anesthetics should be 
avoided in this patient with DMD.

D. 20% benzocaine is the drug of choice for 
oropharyngeal topicalization in this case.

21. A 1-day-old infant girl born at 38 weeks has severe 
microagnathia and upper airway obstruction due to 
Pierre Robin sequence. She has failed conservative 
measures and the decision is made to proceed with 
tracheostomy for respiratory distress, with the even-
tual goal of mandibular distraction osteogenesis. 
Which of the following statements is most appro-
priate when considering an anesthetic plan for this 
patient?

A. Cranial (not caudal) displacement of the tongue is a 
hallmark of Pierre Robin sequence.

B. Hypercalcemia is associated with DiGeorge 
syndrome with Pierre Robin sequence.

C. Direct laryngoscopy or fiberoptic intubation can be 
used to secure an endotracheal tube.

D. If electrocautery is required, oxygen should be 
minimized and nitrous oxide maximized.

22. A mature 10-year-old girl with hearing impairment 
is to undergo surgery for bilateral cochlear implants. 
She developed hearing loss after having two bouts of 
meningitis at ages 4 and 7.  She knows sign language 
and can read lips. Which of the following measures 
would most likely lead to a successful anesthetic in 
her case?

A. Maintenance of deep anesthesia with 
inhalational gases

B. Allow for induction of anesthesia without the 
parents present

C. Maintenance of muscle relaxation during delicate 
microsurgery

D. Masks kept off the anesthesiologist’s face during 
preinduction

23. A 3-year-old boy with a history of six to eight upper 
respiratory infections a year has expiratory stridor fol-
lowing aspiration of a peanut fragment. He is stable 
and will undergo rigid bronchoscopy for foreign body 
retrieval. What is the most likely cause of the chest 
radiograph shown in Figure 15.1 (see next page)?

A. Situs inversus with dextrocardia
B. Fragment in the left mainstem bronchus
C. Right-sided pneumothorax
D. Right phrenic nerve paralysis
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24. A 3-year-old is scheduled to undergo tympanoplasty 
and mastoidectomy for a history of recurrent acute oti-
tis media with extension to the mastoid process. Which 
of the following drugs would  most likely lead to poor 
tympanic graft placement following surgery?

A. Succinylcholine
B. Nitrous oxide
C. Dexamethasone
D. Propofol

25. A 1700 g premature male neonate is born at 32 weeks 
to an eclamptic mother. He is found to have a tracheo-
esophageal fistula requiring urgent repair. When eval-
uating lab values and considering the anesthetic plan, 
which of the following would be considered normal in 
this neonate?

A. Hg concentration of 16–18
B. Blood volume of 100 mL/kg
C. Insensible loss of 0.5 mL/kg per hour
D. Maintenance of core temp of 36°C

Figure 15.1 (From Kliegman RM, Behrman RE, Jenson HB, Stanton BF, 
eds. Nelson Textbook of Pediatrics. 18th ed. Philadelphia, PA: Saunders 
Elsevier; 2007:1770.)
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chaPter 15 ansWers

1. ANSWER: D

Foreign body aspiration is a commonly encountered man-
agement issue in pediatric anesthesia. The mean and 
median age of children with this problem is 1–2  years 
and 2–4  years, respectively. Nuts and seeds are the most 
commonly aspirated foreign bodies. Witnessed choking is 
highly suggestive of aspiration and has a positive predictive 
value of approximately 90%. The most common symp-
toms include coughing, shortness of breath, wheezing, cya-
nosis, and stridor. Surgical management includes either 
rigid or flexible bronchoscopy.

Answer A  is incorrect. Workup of a stable patient 
should include a chest X-ray. Radiolucent objects eas-
ily allow X-rays to pass and consequently appear black on 
chest films. Conversely, radio-opaque objects are white. 
While only 11% of foreign bodies are radio-opaque, the 
vast majority (83%) of X-rays in patients with confirmed 
aspirated foreign bodies are not normal. The most com-
mon X-ray findings include localized emphysema/air trap-
ping, atelectasis, infiltrate, and mediastinal shift. Chest CT 
is more sensitive in the identification of aspirated foreign 
bodies in the bronchial tree; however, radiation exposure, 
patient cooperation, and cost typically limit its usefulness 
in this clinical situation.

Answer B in incorrect. This patient has inspiratory 
stridor, suggestive of an upper airway obstruction. 
A  primary consideration when choosing an anesthetic 
induction plan for patients with foreign body aspiration is 
the possibility of dislodging an unstable proximal foreign 
body and converting it to complete obstruction. In a review 
of approximately 10,000 cases of pediatric foreign body 
aspiration, the most common cause of mortality was 
respiratory arrest and associated cardiovascular collapse 
with a portion of these cases attributed to unstable progres-
sion of the body to a more occlusive position. Conversely 
there are no case reports of aspiration of gastric contents. 
The primary worry of rapid IV inductions is abolishing 
spontaneous negative pressure breathing for positive 
pressure breathing, theoretically making progression of 
the body more likely. Furthermore, inserting an endotra-
cheal tube would also increase the risk of dislodgement and 
would be counterproductive in a case where rigid bronchos-
copy was preferred, as the bronchoscope is used not only for 
intervention by the surgeon but also for ventilation by the 
anesthesiologist. Therefore, a majority of pediatric anesthe-
siologists prefer inhalation induction when foreign bod-
ies are suspected.

Answer C is incorrect. A significant risk of rigid bron-
choscopy compared to flexible bronchoscopy is airway 
trauma and rupture of the tracheo-bronchial tree leading 
to pneumothorax, pneumomediastinum, and potentially 

respiratory and cardiovascular collapse. Coughing and 
bucking during instrumentation due to stimulation 
from the rigid bronchoscope increases the risk for these 
complications. Furthermore, once the foreign object is 
retrieved, a dropped object can relodge and cause addi-
tional or more severe airway obstruction. Therefore, most 
pediatric anesthesiologists recommend either deep main-
tenance anesthesia and, at times, neuromuscular blocking 
agents in conjunction with assisted ventilation to prevent 
movement during instrumentation. Topicalization of the 
airway by the surgeon may also assist in preventing these 
complications.

Answer D is correct. In a meta-analysis of approxi-
mately 9400 cases, the most common, major nonfatal com-
plications were severe laryngeal edema or bronchospasm 
requiring tracheotomy or reintubation. Pneumothorax or 
pneumomediastinum was next most common, followed by 
cardiac arrest, hypoxic brain damage, and tracheal/bron-
chial laceration requiring repair.

K E Y FAC T S

• The mean and median age of children who aspirate 
foreign bodies is 1–2 years and 2–4 years respectively, 
and nuts and seeds are the most commonly aspirated 
foreign bodies.

• The most common symptoms include coughing, 
shortness of breath, wheezing, cyanosis, and stridor.

• While only 11% of foreign bodies are radio-opaque, the 
vast majority (83%) of X-rays in patients with confirmed 
aspirated foreign bodies are not normal.

• The most common X-ray findings include localized 
emphysema/air trapping, atelectasis, infiltrate, and 
mediastinal shift.

• A majority of pediatric anesthesiologists prefer 
inhalation induction when foreign bodies are suspected.

• The most common cause of mortality in a patient 
with foreign body aspiration is respiratory arrest and 
associated cardiovascular collapse often due to unstable 
progression of the body to a more occlusive position.

• In patients with foreign body aspiration, the 
most common major nonfatal complications were 
severe laryngeal edema or bronchospasm requiring 
tracheotomy or reintubation; pneumothorax and 
pneumomediastinum was next most common, followed 
by cardiac arrest, hypoxic brain damage, and tracheal/
bronchial laceration requiring repair.

reference

Fidowski CW, Zheng H, Firth PG. The anesthetic considerations of 
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2. ANSWER: C

Answer A is incorrect. Children with Trisomy 21 are also at 
risk of atlantoaxial instability. Atlantoaxial subluxation can 
occur during tonsilar surgery, which can manifest as neck 
pain, torticollis, and cervical adenitis. While the incidence 
of atlantoaxial instability is 12%–32% in Trisomy 21, it is 
not completely ruled out by imaging studies. A history of 
neurologic signs and symptoms is more important in 
ruling out a spine that is at risk for instability. These signs 
include abnormal gait, clumsiness, numbness/tingling in 
the extremities, and failure to reach development milestones 
in younger children. Children who do not show signs of 
instability by history or exam are at less risk of dislocation 
even if their imaging indicates atlantoaxial instability.

Answer B is incorrect. Tonsillar and/or adenoidal hyper-
plasia, leading to airway obstruction, sleep disturbance, and 
daytime drowsiness, is a common indication for adeno-
tonsillectomy. While mortality is rare (about 1/16,000 to 
1/35,000 procedures), children with increased risk for peri-
operative morbidity, including respiratory and cardiac com-
plications, need to be identified. Evaluation of a child with 
history of obstructive sleep apnea should include a com-
plete airway exam. Children with larger tonsils, covering 
greater than 50% of the pharyngeal space, are at increased 
risk for developing airway obstruction during anesthetic 
induction. Trisomy 21 is associated with the development 
of obstructive sleep apnea (OSA) due to the increase in 
size of soft tissues of the oral and nasopharyngeal cavity. 
The sleep study may contain a large amount of information, 
including the apnea hypopnea index (AHI), the respira-
tory disturbance index (RDI), and the McGill oximetry 
score. The AHI is a summation of the number of obstruc-
tive apnea and hypopnea events during the sleep period that 
are greater than 10 seconds. RDI is similar to AHI, except 
that it also accounts for respiratory-effort-related arousals 
that disrupt sleep. RDI greater than 20 per hour is associ-
ated with breath holding during induction. RDI greater 
than 30 is associated with laryngospasm and desaturation 
during emergence from anesthesia. The McGill oximetry 
score corresponds to increasing severity of the desaturation 
nadir during sleep. A score of 1 is normal and a desturation 
of 92% is the cutoff for normal children. Scores of 2, 3, and 
4 correspond to desaturation nadirs of <90%, <85%, and 
<80%, respectively. A  significant fraction (about 25%) of 
children with McGill oximetry scores of 4 will experience 
major postoperative respiratory complications.

Answer C is correct. Children with OSA, especially 
severe disease, are more sensitive to exogenously admin-
istered opioids. The molecular mechanism of this phe-
nomenon is not clear, but animal models indicate it may 
be an increase in the density of mu-opioid receptors in the 
respiratory centers of the brain that are responsible for the 
increased sensitivity to the respiratory effects of opiods. 
A  study by Brown et al. demonstrated that children with 

nighttime desaturation nadirs of <85% are twice as sensi-
tive to opiods, such that they require half the dose of opioid 
to achieve equianalgesia, as compared to children with less 
severe OSA (>85% desaturation nadir).

Answer D is incorrect. Posttonsillectomy bleeding is 
uncommon, and occurs in 1%–2% of patients. However, 
75% of cases of posttonsillar bleeding occur in the first 
6 hours after surgery. The origin of bleeding is most often 
the tonsillar fossa. Management includes volume evalua-
tion and rescucitation, usually with crystalloid or colloid. 
If the bleed is significant and the child is taken back to the 
operating room, a rapid sequence approach to intubation is 
often indicated as the patient is considered full stomach due 
to swallowed blood.

K E Y FAC T S

• Children with Trisomy 21 are at risk of atlantoaxial 
instability with an incidence of 12%–32%.

• Neurologic signs and symptoms of atlantoaxial 
instability include abnormal gait, clumsiness, numbness/
tingling in the extremities, and failure to reach 
development milestones in younger children.

• Children who do not show signs of instability by history 
or exam are at less risk of dislocation even if their 
imaging indicates atlantoaxial instability.

• Tonsillar and/or adenoidal hyperplasia, leading 
to airway obstruction, sleep disturbance, and 
daytime drowsiness, is a common indication for 
adenotonsillectomy.

• Trisomy 21 is associated with the development of OSA 
due to the increase in size of soft tissues of the oral and 
nasopharyngeal cavity.

reference

Chapter  46. Anesthesia Outside of the Operating Room. Keira 
P.  mason, Babu V.  Koka. Cote CJ, Lerman J, Todres ID, eds. A 
Practice of Anesthesia for Infants and Children. 4th ed. Philadelphia, 
PA: Saunders Elsevier; 2009:303, 660–71, 996–7.

3. ANSWER: D

It is within the scope of the practice of pediatric anes-
thesia to understand the types and uses of tracheostomy 
tubes. The size of the tracheostomy tube is generally 
named by the inner diameter of the cannula. For example, 
a size “6” tube would indicate a 6 mm inner diameter (ID). 
The outer diameter (OD) varies by manufacturer, but it is 
generally about 2 mm larger than the inner diameter. The 
outer diameter should fit at most within three quarters 
of the diameter of the trachea, which can be measured 
during bronchoscopy or by using imaging, or estimated 
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based on weight and age of the patient. Sizing of the tra-
cheostomy tube can also be done by age or weight, both of 
which have both been found to correlate with an appopri-
ate tracheostomy tube size. The weight-based table (Table 
15.1) can be used to approximate the most appropriate 
size tube.

Alternatively, two formulas can be used to estimate the 
ID tube size:

ID age  3   3 5= ×( ) +0. .

ID  weight  8 3 1= ×( ) +0 0. .

These two formulas were derived from studying a 
cohort of pediatric patients who sustained spinal cord 
injuries, requiring periodic resizing of tracheostomy tubes 
as they grew older. Using the sizing chart or the formulas, 
a 6.5  mm ID tracheostomy tube is most appropriate for 
a 10-year-old child. The choice of outer diameter, while 
important in some cases, is a distractor in these choices. 
The choice of cuffed versus uncuffed relies on the intended 
use of the tracheostomy tube. Cuffed tubes are preferred 
in the case of controlled or mechanical ventilation where 
positive-pressure ventilation is required. Without a cuff, a 
large leak may occur during mechanical ventilation. Cuffed 
tubes are also optimal in patients who are prone to aspira-
tion. Uncuffed tubes are preferred when the patient is able 
to ventilate without positive-pressure assistance, as cuffs 
can exert pressure on the tracheal wall. In the patient sce-
nario, reestablishment of a controlled airway and ensuring 
you are able to ventilate properly are the goals. Therefore, 
a cuffed tube is preferred over an uncuffed tube. Similarly, 
fenestrated tubes are used in patients where flow of air 
proximal to the tracheostomy and through the orophar-
ynx is desired, such as in patients nearing decannulation. 

In this scenario, choosing and inserting a fenestrated tube 
may cloud the picture if ventilation with positive pressure 
cannot be accomplished with the new tube. Therefore, a 
nonfenestrated tube is the best choice.

K E Y FAC T S

• The size of the tracheostomy tube is generally named by 
the inner diameter of the cannula.

• The outer diameter varies by manufacturer, but it is 
generally about 2 mm larger than the inner diameter.

• The outer diameter should fit at most within three 
quarters of the diameter of the trachea, which can be 
measured during bronchoscopy or using imaging, or 
estimated based on weight and age of the patient.

reference

Tippett C. Tracheostomy and Ventilator Dependency:  Management 
of Breathing, Speaking, and Swallowing. New  York, NY:  Thieme 
Medical Publishers; 2000:200–7.

4. ANSWER: D

Answer A is incorrect. Congenital narrowing of the pos-
terior choanae of the nose occurs with a frequency of 1 in 
5000 to 1 in 9000 live births. There is a female predomi-
nance in most studies. The narrowing is caused by a mix of 
bony or membranous obstruction as well as medialization of 
the lateral wall of the nose. A unilateral obstruction is more 
common than bilateral, and those with bilateral choanal 
atresia are likely overrepresented in the literature. Because 
neonates are obligate nose breathers, bilateral choanal 
atresia presents with asphyxia neonatorum, which is a medi-
cal emergency at birth. Signs and symptoms include airway 
obstruction, stridor and paradoxical cyanosis (infants usu-
ally turn pink at birth as they cry; however, infants with 
bilateral choanal atresia will become cyanotic). An oral 
airway or intubation is often required at birth to stabilize 
the patient. A fine catheter (such as a suction catheter) intro-
duced into the nose which fails to pass into the oropharynx 
is one method of diagnosing unilateral or bilateral choanal 
atresia. Modern surgical treatment includes endoscopic 
transnasal repair, which includes decongestion of the nose, 
passing an endoscope into the nose and then using dilators to 
perforate the atretic plate under direct vision. Blind trans-
nasal puncture with a trochar is not a standard approach 
to treatment of the atresia as passage should be accomplished 
under endoscopic guidance. Some infants with choanal atre-
sia have craniofacial abnormalities, and instruments blindly 
passed into the nose may travel intracranially.

Answer B is incorrect. Following stabilization and dur-
ing the planning phase of management, a CT scan can be 

Table 15 .1 guIdelInes for Infant, PedIatrIc, 
and adult tracheostoMy tuBe sIZes

W EIGHT INNER DI AMETER IN MM (ID)

Premature <2 kg 2.5 cuffless neonatal

newborn 3–5 kg 3.0–3.5 cuffless neonatal

Infant 6–9 kg 3.5–4.0 neonatal

child 10–11 kg 4.0 pediatric

child 12–14 kg 4.5 pediatric

child 15–18 kg 5.0 pediatric

child 19–22 kg 5.5 pediatric

older child 24–28 kg 6.0 cuffed

child/preteen 30–36 kg 6.5 cuffed

adults 7.0–9.0

SOURCE: Courtesy of Dr. Robert Kacmarek. Adapted from Wilkins RL, 
Stoller JK, Kacmarek RM, eds. Egan’s Fundamentals of Respiratory Care. 9th 
ed. Philadelphia, PA: Mosby Elsevier; 2009:Chapter 33.
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performed to identify the nature and severity of the anatomic 
defect. CT can also differentiate other causes of the bilat-
eral nasal obstruction, such as pyriform aperture stenosis 
or bilateral nasolacrimal duct cysts. Unilateral causes of nasal 
obstruction, such as foreign body, turbinate hypertrophy, sep-
tal deviation, or nasal tumor can also be investigated with CT.

Answer C is incorrect. While flexible nasal endoscopy 
and then repair is a common surgical modality in these 
patients, it is prudent to obtain imaging and echocardio-
gram prior to proceeding with immediate surgery. See A, 
B, and D.

Answer D is correct. About 50% of infants with choanal 
atresia have other associated anomalies such as CHARGE 
(Coloboma of the eye, Heart defects such as Tetrology of 
Fallot, Atresia of the nasal choanae, Retardation of growth/
development, Genital abnormalities, and Ear abrnormali-
ties). An echocardiogram would be an appropriate study 
for the patient after stabilization to evaluate for presence of 
heart defects.

K E Y FAC T S

• Congenital narrowing of the posterior choanae of the 
nose occurs with a frequency of 1 in 5000 to 1 in 9000 
live births with a female predominance.

• Because neonates are obligate nose breathers, bilateral 
choanal atresia presents with asphyxia neonatorum, 
which is a medical emergency at birth.

• Signs and symptoms include airway obstruction, stridor, 
and paradoxical cyanosis (infants usually turn pink at 
birth as they cry; however, infants with bilateral choanal 
atresia will become cyanotic).

• Modern surgical treatment includes endoscopic 
transnasal repair, which includes decongestion of the 
nose, passing an endoscope into the nose, and then using 
dilators to perforate the atretic plate under direct vision.

• About 50% of infants with choanal atresia have other 
associated anomalies such as CHARGE (Coloboma 
of the eye, Heart defects such as Tetrology of Fallot, 
Atresia of the nasal choanae, Retardation of growth/
development, Genital abnormalities, and Ear 
abrnormalities).

reference
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5. ANSWER: A

The most common tracheoesophageal fistula (TEF) is 
Type C, where the esophagus is atretic and fistula com-
municates with the stomach. The diagnosis is made with 

gastric distention from gas and a nasogastric tube cannot be 
advanced past 8–13 cm in the esophagus, indicating atre-
sia. The primary complication of TEF is aspiration of gas-
tric contents from the fistula into the trachea as well as GI 
distension that compromises respiration. During surgical 
repair, which is accomplished usually by left thoracotomy, 
common complications include hypo- or hyperventilation, 
aspiration, atelectasis, mucus plug, and pneumothorax. In 
this case, hyperextension of the neck during repositioning 
of the patient would cause the endotracheal tube (ETT) to 
retract proximally into the trachea, making it more likely to 
come in contact with the fistula, whereby ventilation occurs 
with the path of least resistance into the stomach and not 
the lungs. Thus, neck hyperextension may cause iatrogenic 
hypoventilation, desaturation, and abdominal distension.

Answer B is incorrect. Proper positioning of the 
endotracheal tube is essential in carrying out successful 
anesthetic management of the TEF patient. Atropine (0.02 
mg/kg IV) is usually given prior to induction to ablate the 
vagal response to laryngoscopy. Induction can be done in 
a variety of ways, with the primary objective to minimize 
positive-pressure ventilation and inflation of the stomach. 
Therefore, using bag-mask ventilation would be the least 
appropriate technique during induction. A common tech-
nique for intubation of a neonate with TEF is to intu-
bate the right mainstem and then withdraw the tube until 
bilateral breath sounds are heard. Alternatively, a fiberoptic 
technique can be employed primarily to guide initial place-
ment of the tube. It would be secured distal to the fistula 
and the tube should be rotated so that the bevel (pointed 
end) faces posteriorly. This prevents accidental intubation 
of the fistula, on the anterior aspect of the trachea. A suc-
tion catheter is often placed in the proximal pouch of 
the blind esophagus in order to empty ongoing secre-
tions. An acute occlusion of this suction catheter is unlikely 
to cause desaturation as there is no direct communication 
with the trachea or stomach. In type B and D TEF, the fis-
tula communicates with the proximal esophagus and there-
fore it is possible for secretions to pass to the trachea if they 
are not suctioned properly.

Answer C is incorrect. As the surgical approach is often 
through left thoracotomy, retraction of the mediastinum 
and lung is a common cause of desaturation. In some 
cases, the anesthesia team must request relaxation of retrac-
tion at regular periods when saturations descend to critical 
levels. However, both desaturation and abdominal disten-
sion are unlikely to occur due to retraction.

Answer D is incorrect. Up to 50% of infants with TEF 
have associated anomalies in the VACTERL spectrum, 
which are Vertebral, Anal, Cardiac, TEF, Renal, and Limb 
anomalies. Approximately 20%–35% will have existing car-
diac anomalies, the most common of which is a VSD. With 
a VSD, any cause of pulmonary artery hypertension, such 
as hypoxia and hypercapnia, may precipitate a right-to-left 
shunt (not a left-to-right shunt), the primary manifestation 
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of which is oxygen desaturation. Abdominal distention 
would also not be caused by a left-to-right shunt.

K E Y FAC T S

• The most common TEF is Type C, where the esophagus 
is atretic and the fistula communicates with the 
stomach.

• The diagnosis is made with gastric distention from gas 
and a nasogastric tube cannot be advanced past 8–13 cm 
in the esophagus, indicating atresia.

• The primary complication of TEF is aspiration of gastric 
contents from the fistula into the trachea as well as GI 
distension that compromises respiration.

• During surgical repair, which is accomplished usually by 
left thoracotomy, common complications include hypo- 
or hyperventilation, aspiration, atelectasis, mucus plug, 
and pneumothorax.

• A suction catheter is often placed in the proximal pouch 
of the blind esophagus in order to empty ongoing 
secretions.

• Common techniques for intubation of a neonate 
with TEF is to intubate the right mainstem and then 
withdraw the tube until bilateral breath sounds are 
heard or the use of a fiberoptic technique to guide initial 
placement of the tube.

• Up to 50% of infants with TEF have associated 
anomalies in the VACTERL spectrum.

reference

Jaffe RA, Samuels SI. Anesthesiologist’s Manual of Surgical Procedures. 
4th ed. Philadelphia, PA: Wolters Kluwer/Lippincott Williams & 
Wilkins; 2009:1257–61.

6. ANSWER: C

Acquired subglottic stenosis is usually the result of 
prolonged tracheal intubation for respiratory support 
of infants born prematurely. In older children, it is a 
result of laryngeal trauma from different causes. The sub-
glottis is the narrowest portion of the neonate’s airway. 
Presentation varies from asymptomatic to complete air-
way obstruction. If a patient has stridor and fails extuba-
tion multiple times, subglottic stenosis is likely. Severe, 
prolonged, repeated croup episodes make this a likely 
diagnosis. A  tracheostomy may be necessary with surgi-
cal correction ultimately. Characteristic findings of sub-
glottic stenosis include inspiratory stridor, retraction of 
the intercostal muscles, inspiratory thrill over the larynx, 
and wheezing from the trachea only. Observation alone is 
not appropriate in a patient with impending respiratory 
failure (Answer D).

While Answers A  and B are necessary for workup of 
this patient, the patient has impending respiratory failure 
likely from laryngotracheal stenosis and requires an endo-
tracheal tube or tracheostomy in order to allow oxygenation 
and ventilation. Soft tissue radiographs and CT scans will 
show the exact location and degree of the stenotic segment. 
Gastroesophageal and gastrolaryngoesophageal reflux 
are thought to contribute to the development and exacerba-
tion of subglottic stenosis and need to be excluded. With 
regard to this case the best approach is direct endoscopic 
visualization of the larynx and espophagus. It is ultimately 
required to fully evaluate the suspected stenotic segment. 
A rigid rod-lens telescope and/or a flexible bronchoscope are 
used to directly visualize the larynx and trachea all the way 
beyond the obstruction. A leak test can also be performed 
after direct visualization to evaluate the degree of stenosis 
once the trachea is intubated. An esophagogastroduedenos-
copy is usually performed at the same time to evaluate for 
reflux disease. If indeed there is evidence of reflux disease 
proper, treatment can be initiated.

K E Y FAC T S

• Acquired subglottic stenosis is usually the result of 
prolonged tracheal intubation for respiratory support of 
infants born prematurely.

• In older children, it is a result of laryngeal trauma from 
different causes.

• Gastroesophageal and gastrolaryngoesophageal reflux 
are thought to contribute to the development and 
exacerbation of subglottic stenosis.

• Characteristic findings of subglottic stenosis include 
inspiratory stridor, retraction of the intercostal muscles, 
inspiratory thrill over the larynx, and wheezing from the 
trachea only.
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7. ANSWER: A

It is important that the facial nerve be identified during 
these procedures because of its proximity to the surgical 
field. Neuromuscular blockade is then contraindicated 
if nerve stimulation is to be done to identify structures 
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during dissection. In patients with suspected atlantoaxial 
instability (as in patients with Down syndrome and achon-
droplasia) extra care is required when positioning. Tilting 
the table left or right (airplaning) helps in exposure more 
than extreme head rotation. Working on small structures of 
the ear can be difficult if there is increased bleeding on the 
field. Relative hypotension (mean arterial pressure 10%–
25% less than baseline) is acceptable and may help to reduce 
bleeding. Concentrated epinephrine 1:8000 is frequently 
applied to the tympanic membrane to induce vasoconstric-
tion. The maximum topical dose for epinephrine is 10 µg/
kg, which may be repeated every 30 minutes.

The use of nitrous oxide is of special mention aside from 
its known PONV side effect. Nitrous oxide diffuses along 
a concentration gradient into air-filled middle ear spaces 
more rapidly than nitrogen moves out because nitrous 
oxide is 34 times more soluble in blood than nitrogen. The 
middle ear is vented passively through the opening of the 
Eustachian tube at 20–30  cm of H

2
O pressure. Nitrous 

oxide increases the pressures within the middle ear such 
that they exceed the ability of the Eustachian tube to vent 
the middle ear and leads to a pressure buildup. If the func-
tion of the Eustachian tube is compromised during surgery, 
the pressure in the middle ear builds up further. This can 
lead to graft displacement when doing a tympanoplasty. In 
addition, once nitrous oxide is discontinued, it is quickly 
reabsorbed, creating a void in the middle ear with result-
ing negative pressure. This negative pressure may result in 
serous otitis, disarticulation of the ossicles in the middle 
ear (especially the stapes), and hearing impairment, which 
may last up to 6 weeks postoperatively. The omission of 
nitrous oxide does not significantly increase the require-
ments (minimal alveolar concentration) for the less soluble 
inhaled anesthetics (sevoflurane or desflurane) in children.

K E Y FAC T S

• It is important that the facial nerve be identified during 
tympanoplasty and mastoidectomy procedures because 
of its proximity to the surgical field.

• Neuromuscular blockade is then contraindicated if 
nerve stimulation is to be done to identify structures 
during dissection.

• In patients with suspected atlantoaxial instability (as 
in patients with Down syndrome and achondroplasia) 
extra care is required when positioning.

• Relative hypotension (mean arterial pressure 10%–25% 
less than baseline) is acceptable and may help to reduce 
bleeding.

• Nitrous oxide increases the pressures within the middle ear 
such that they exceed the ability of the Eustachian tube to 
vent the middle ear and leads to a pressure buildup.

• In addition, once nitrous oxide is discontinued, it is 
quickly reabsorbed, creating a void in the middle ear 
with resulting negative pressure, which may result in 

serous otitis, disarticulation of the ossicles in the middle 
ear (especially the stapes), and hearing impairment, 
which may last up to 6 weeks postoperatively.

reference
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and Children. Kindle ed. Philadelphia, PA:  Saunders Elsevier; 
2012:64757–8.

8. ANSWER: B

Chronic serous otitis media is common in young children 
and, if poorly managed, can lead to hearing loss and forma-
tion of cholesteatoma. Myringotomy tube placement is a 
very brief operation and can be performed as an ambulatory 
surgery using a potent inhalational agent and nitrous oxide 
via face mask with spontaneous respirations. Occasionally a 
laryngeal mask (LMA) may be used for prolonged cases (e.g., 
children with narrow ear canals). Although reasonable to 
have an intravenous setup, IV access can often be deferred. 
Children with chronic otitis frequently have persistent 
rhinorrhea and suffer recurrent upper respiratory tract 
infection (URI). Eradication of middle ear congestion 
and improved fluid drainage often resolves the concomitant 
symptoms. Of note, it has been shown that complications 
from mild URIs in children are similar to those who are 
asymptomatic. In general, morbidity is not increased in 
children who present for minor surgery with an acute 
uncomplicated mild URI, provided tracheal intuba-
tion can be avoided. However, an early study showed that 
children with URIs are at a 2- to 7-fold increased risk of 
respiratory complications and an 11-fold increase if they are 
intubated. Other complications associated with URI include 
laryngospasm, bronchospasm, and arterial desaturation.

Most of the pediatric anesthesia and surgery literature 
is in agreement that a pediatric patient with purulent 
rhinitis, fever, productive cough, and/or evidence of 
lower respiratory tract infection should have an elective 
case postponed. However, pediatric patients with minor 
symptoms are probably not at significantly greater risk for 
complications than an otherwise healthy child, especially if 
intubation can be avoided.

If given orally, acetaminophen is rapidly absorbed. Oral 
acetaminophen achieves therapeutic blood levels in min-
utes. If given rectally, absorption is slow. Onset of action is 
60 to 90 minutes with peak effect of 1 to 3 hours.

K E Y FAC T S

• Chronic serous otitis media is common in young 
children and, if poorly managed, can lead to hearing loss 
and formation of cholesteatoma.

 

 

 

 

 



15 .   otolaryngology  •   431

• Myringotomy tube placement is a very brief operation 
and can be performed as an ambulatory surgery using 
a potent inhalational agent and nitrous oxide via face 
mask with spontaneous respirations.

• Although reasonable to have an intravenous setup, IV 
access can often be deferred.

• Children with chronic otitis frequently have persistent 
rhinorrhea and suffer recurrent URIs, and eradication of 
middle ear congestion and improved fluid drainage often 
resolves the concomitant symptoms.

• In general, morbidity is not increased in children who 
present for minor surgery with an acute uncomplicated 
mild URI, provided tracheal intubation can be avoided.

• A pediatric patient with purulent rhinitis, fever, 
productive cough, and/or evidence of lower respiratory 
tract infection should have an elective case postponed.
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9. ANSWER: A

A single dose of dexamethasone reduces postadenotonsil-
lectomy pain and edema when electrocautery has been used. 
If given at 1 mg/kg, it has been shown to reduce pain scores. 
Single-dose dexamethasone has also shown to have a nar-
cotic sparing effect and has not been shown to be associated 
with aseptic necrosis of the hip or infection. The Cochrane 
Collaboration assessed the effect of NSAIDs on bleeding 
after pediatric tonsillectomy in 13 trials (955 children) 
and did not find any increase in bleeding that required 
reoperation for hemostasis. Dexmedetomidine infusion 
at 2  µg/kg over 10 min followed by 0.7  µg/kg per hour 
combined with inhalation agent can provide satisfactory 
intraoperative conditions for adenotonsillectomy without 
adverse effects.

In children with OSA syndrome, use of dexmedeto-
midine reduces postoperative opioid requirements signifi-
cantly, and the incidence and severity of severe emergence 
agitation are reduced, with few children desaturating. After 
larger doses of dexmedetomidine (2 and 4  µg/kg), the 
opioid-free interval increases and the postoperative opioid 
requirements decrease. However, duration of stay in the 
PACU is prolonged. The use of codeine, although consid-
ered a “low-risk” oral opioid, may be problematic in children 
with OSA. Codeine is metabolized by the cytochrome P450 
debrisoquine 4-hydroxylase (CYP2D6) to its active analge-
sic metabolites. The CYP2D6 gene displays polymorphism, 

including gene duplication (ultra-rapid metabolizers) and 
inactive genes. Gene duplication may lead to ultra-rapid 
metabolism, which for prodrugs, such as codeine, might 
yield a 50% greater fraction of morphine and its glucuronides 
compared with extensive metabolizers. Respiratory arrest 
after codeine has been reported in both adults and children 
who demonstrate ultra-rapid metabolism of codeine.

K E Y FAC T S

• A single dose of dexamethasone reduces 
postadenotonsillectomy pain and edema when 
electrocautery has been used, and if given at 1 mg/kg, it 
has been shown to reduce pain scores.

• Single-dose dexamethasone has also shown to have a 
narcotic sparing effect and have not been shown to be 
associated with aseptic necrosis of the hip or infection.

• In children with OSA syndrome, use of 
dexmedetomidine reduces postoperative opioid 
requirements significantly, and the incidence and 
severity of severe emergence agitation are reduced, with 
few children desaturating.

• After larger doses of dexmedetomidine (2 and 4 µg/kg), 
the opioid-free interval increases and the postoperative 
opioid requirements decreases, but the PACU LOS is 
prolonged.

• The use of codeine, although considered a “low risk” 
oral opioid, may be problematic in children with 
OSA, and respiratory arrest may occur in patients who 
demonstrate ultra-rapid metabolism of codeine.
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10. ANSWER: A

Laryngeal papillomatosis is the most common tumor 
of the larynx in children. The incidence is 1 in 400 and 
is caused by infection with the human papilloma virus. 
Primary symptoms include hoarseness, stridor, aphonia, 
and respiratory distress if the lesions grow large enough 
to significantly obstruct air flow. Treatment modalities 
include debulking with CO

2
 laser or nonsurgical treatment 

with interferon alfa-n1. Laser (light amplified by stimulated 
emission of radiation) energy is absorbed by any tissue con-
taining water, which rapidly increases the temperature and 
vaporizes the target tissue as well as assists in hemostasis 
by cauterizing capillaries. Because of the rapidly increasing 
temperatures, one of the primary risks of their use is igni-
tion of materials in the airway or nearby materials ignited 
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by an errantly deflected laser. The mixture of airway gases 
can impact the amount of fuel available to the fire for prop-
agation of the fire once ignited. Both oxygen and nitrous 
oxide are combustible and their use should be minimized 
as much as possible. Volatile anesthetics are safe to use with 
lasers. Therefore, Answer A is the least likely to protect the 
patient, as the addition of nitrous oxide, depending on its 
concentration, may add fuel for propagation of airway fires 
ignited by the laser.

Answer B is incorrect. Another potential hazard of 
laser treatment for airway surgery is the risk of an errantly 
deflected or misdirected laser beam. Deflected or misdi-
rected beams can hit the endotracheal tube; the skin of the 
face, neck, or chest; or operating room personnel. The use of 
nonflammable drapes as well as the application of wet tow-
els to the skin of the chest, neck, and face can reduce the risk 
of fire ignition and protect the patient by acting as a shield.

Answer C is incorrect. Standard endotracheal tubes 
are made of polyvinylchloride, can be ignited by the 
laser beam, and thus are flammable. Metal-wrapped 
endotracheal tubes are available for use in laser surgeries 
with the primary purpose to deflect the beam and prevent 
vaporization of the tube or ignition. Some of these special-
ized ETTs are double cuffed, in case one cuff is damaged by 
the laser beam. The cuffs are often filled with saline, which 
offers better protection from airway fires, as compared to 
air-filled cuffs. Saline-filled cuffs often have methylene 
blue as an additive so that if the cuff is damaged, it becomes 
evident to the surgeon in the operating field. It is impor-
tant to note that metal-wrapped endotracheal tubes tend 
to be approximately 1  mm larger in their outer diameter, 
as compared to standard ETTs, which may impact sizing 
especially in children.

Answer D is incorrect. If an airway fire is detected by 
visualization of flames or smoke, the proper treatment 
includes halting ventilation and flow of air into the larynx 
(removing O

2
 source as fuel), extubation of the trachea to 

decrease inhalation of toxic products, dousing the fire with 
saline/water, suctioning debris, and using mask ventilation 
and/or reintubating. Bronchoscopy and steroids can be 
considered prior to the end of surgery.

K E Y FAC T S

• Laryngeal papillomatosis is the most common tumor of 
the larynx in children.

• Primary symptoms of laryngeal papillomatosis include 
hoarseness, stridor, aphonia, and respiratory distress if 
the lesions grow large enough to significantly obstruct 
air flow.

• Treatment modalities include debulking with CO
2
 laser 

or nonsurgical treatment with interferon alfa-n1.
• One of the primary risks of laser use is ignition of 

materials in the airway or nearby materials ignited by an 
errantly deflected laser.

• Deflected or misdirected beams can hit the endotracheal 
tube; the skin of the face, neck, or chest; or operating 
room personnel.

• Standard endotracheal tubes are made of 
polyvinylchloride, can be ignited by the laser beam, and 
thus are flammable.

• The proper treatment of an airway fire includes halting 
ventilation and flow of air into the larynx (removing 
O

2
 source as fuel), extubation of the trachea to 

decrease inhalation of toxic products, dousing the fire 
with saline/water, suctioning debris, and using mask 
ventilation and/or reintubating.
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11. ANSWER: A

Typanostomy tubes are placed in patients with chronic 
otitis media or recurrent acute otitis media. The procedure 
involves inserting an ear speculum in the canal, making a 
small incision on the tympanic membrane, and insertion of 
a typanostomy tube that straddles the tympanic membrane. 
The procedure is usually bilateral, takes approximately 
10  minutes, and is performed under general inhalation 
anesthesia with mask ventilation. In children with URI, 
the decision to either postpone surgery or proceed can be 
made through evaluation of the overall health of the child, 
severity of symptoms, and the experience and comfort of 
the practitioner. Most large-scale studies show that chil-
dren with a recent URI (last 2 weeks) are at greater risk of 
respiratory events, such as significant desaturation, apnea, 
bronchospasm, and laryngospasm. Airway reactivity is 
thought to peak at day 3 following appearance of symp-
toms and to last for 4–6 weeks after the start of a URI. The 
incidence of laryngospasm ranges from 1/1000 to 1/5 
in high-risk surgeries, such as otolaryngologic procedures. 
Several patient-specific risk factors have been identified that 
predispose a patient to laryngospasm. A 2010 study showed 
that an increased risk for laryngospasm was associated with 
URI symptoms that were present on the day of surgery or 
had occurred in the last 2 weeks. The same study looked 
at the risk of laryngospasm according to the presence of 
cold symptoms, including fever, nasal discharge, and moist 
cough, finding that when looking at cold symptoms alone, 
green nasal discharge is associated with the highest rel-
ative risk of laryngospasm.

 

 

 

 



15 .   otolaryngology  •   433

A fever of higher than 38°C in a child with upper 
respiratory tract infection presenting for surgery carries a 
relative risk of 2.3, about twice the risk of laryngospasm 
than if fever is not present.

Green nasal discharge in a child with URI carries a rela-
tive risk of 4.4, or about 4 times the risk of laryngospasm 
than if it is not present.

Productive or moist cough carries a relative risk of 3.8, or 
about 4 times the risk of laryngospasm than if not present.

K E Y FAC T S

• Typanostomy tubes are placed in patients with chronic 
otitis media or recurrent acute otitis media, and this entails 
inserting an ear speculum in the canal, making a small 
incision on the tympanic membrane, and insertion of a 
typanostomy tube that straddles the tympanic membrane.

• Airway reactivity in a patient with a URI is thought to 
peak at day 3 following appearance of symptoms and to 
last for 4–6 weeks after the start of a URI.

• Green nasal discharge is associated with the highest 
relative risk of laryngospasm.

• Fever of higher than 38°C in a child with upper 
respiratory tract infection presenting for surgery carries a 
relative risk of 2.3, about twice the risk of laryngospasm 
than if fever is not present.

• Productive or moist cough carries a relative risk of 3.8, 
or about 4 times the risk of laryngospasm than if not 
present.

references

Jaffe RA, Samuels SI. Anesthesiologist’s Manual of Surgical Procedures. 
4th ed. Philadelphia, PA: Wolters Kluwer/Lippincott Williams & 
Wilkins; 2009:1180–1.

Lakshmipathy N, Bokesch P, Cowan D, Lisman S, Schmid C. 
Environmental tobacco smoke: A risk factor for pediatric laryngo-
spasm. Anesth Analg. 1996;82(4):724–7.

Orliaguet GA, Gall O, Savoldelli GL, Couloigner V. Case scenario: peri-
anesthetic management of laryngospasm in children. Anesth Analg. 
2012;116(2):458–71.

12. ANSWER: C

Answer A is incorrect. There is some confusion in the litera-
ture in the classification of cocaine due to its tertiary amine 
group; however, cocaine is an ester-type local anesthetic 
by virtue of its two ester linkage groups that are cleaved 
by pseudocholinesterase (otherwise known as plasma 
cholinesterase) as well as a variety of other nonspecific, 
liver-derived esterases. Pseudocholinesterase is the same 
enzyme that cleaves the ester leakage on succinylcholine. 
Though pseudocholinesterase deficiency and the risk of 
cocaine toxicity is a theoretical concern, no documented 

cases have been found in the literature of cocaine toxicity 
caused by genetic deficiency. A small study in 1989 docu-
mented a statistically nonsignificant decrease in overall 
pseudocholinesterase levels in patients with symptoms or 
complications from cocaine abuse. However, it is likely 
that the levels of cocaine used in intranasal topicalization 
are not high enough to achieve a clinically signiciant effect, 
even if a deficiency in the enzyme exists.

Answer B is incorrect. The maximum safe dose (to 
prevent systemic effects) is 1.5 mg/kg (not 3.5 mg/kg). 
Because the application of cocaine is often made through 
swabs or cotton pledgets, regulating the exact dose is diffi-
cult. Nevertheless, one study looked at the average amount 
of cocaine aborbed from a cotton pledget, which was 
found to be approximately 40%. A survey of several thou-
sand ENT surgeons who regularly use cocaine as a topi-
cal anesthetic showed that complications are rare in doses 
below 200 mg (for the average adult).

Answer C is correct. Nasal application results, on aver-
age, in 40% absorption of the cocaine to the mucosa, leav-
ing 60% on the cotton swab.

Answer D is incorrect. Peak concentrations after intra-
nasal application occur in about 1 hour.

K E Y FAC T S

• Cocaine is an ester-type local anesthetic by virtue 
of its two ester linkage groups that are cleaved by 
pseudocholinesterase (otherwise known as plasma 
cholinesterase) as well as other nonspecific, liver-derived 
esterases.

• Though pseudocholinesterase deficiency and the risk of 
cocaine toxicity is a theoretical concern, no documnted 
cases have been found in the literature of cocaine 
toxicity caused by genetic deficiency.

• The maximum safe dose (to prevent systemic effects) of 
cocaine is 1.5 mg/kg.

• A survey of several thousand ENT surgeons who 
regularly use cocaine as a topical anesthetic showed that 
complications are rare in doses below 200 mg (for the 
average adult).

• The average amount of cocaine absorbed from a cotton 
pledget was found to be approximately 40%.
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13. ANSWER: C

Answer A  is incorrect. The typical dose of midazolam 
for premedication in children is 0.25–0.75 mg/kg orally 
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or 0.1–0.150 mg/kg IM. Several types of medications 
depress the activity of CYP3A4, most notably, erythro-
mycin, protease inhibitors, calcium channel blockers, and 
grapefruit juice. Depression of CYP3A4 will cause greater 
than expected levels of midazolam and prolong the sedative 
effect. Phenytoin and carbamazepine, along with rifampin, 
barbiturates, glucocorticoids, and St. John’s wort all induce 
the CYP3A4 enzyme, which will lead to faster than 
expected metabolism and shorter duration of action.

Answer B is incorrect. It is important to consider that 
peak plasma concentrations differ markedly according to 
the route of administration of midazolam. Peak concen-
trations after intravenous or intranasal administra-
tion of midazolam occur in about 10 minutes. For rectal 
administration, peak concentrations occur in 16 minutes; 
20 minutes for IM, and approximately 53 minutes for oral 
administration. Data support the observation that the dose 
of midazolam needed increases as age decreases in chil-
dren, similar to the MAC of inhaled agents. Therefore, 
greater doses may be required to achieve the same degree of 
sedation in very young children.

Answer C is correct. Ventilation of the child during 
rigid bronchoscopy can be achieved by hand ventilation 
with a circuit attachement to the bronchoscope. High 
resistance may be met as a result of partial occlusion of 
the lumen, which is more likely to occur when smaller, 
2.5–3.5  mm internal diameter, rigid bronchoscopes are 
used. Either large inspired volatile gas concentrations or 
TIVA technique is required to maintain general anesthe-
sia. An alternative is the use of high-frequency jet ventila-
tion (HFJV) during rigid brochoscopy. HFJV utilizes the 
Venturi effect by entraining room air into the broncho-
scope by a burst (“jet”) of oxygen delivered under pressure. 
Typical tidal volumes are 1–3 cc/kg and frequencies range 
from 60 to 1500. Barotrauma is one complication of HFJV 
that can result in pneumothorax and/or pneumomediasti-
num. Blood or infectious particles may be forced distally 
into the airways by the jet of oxygen under high pressure.

Answer D is incorrect. Two studies have looked at the 
minimal dose of dexamethasone in preventing PONV in 
children undergoing ENT procedures. One study found 
0.15 mg/kg, while the other was inconclusive, showing 
no statistical difference between 0.0625 and 1.0 mg/kg. 
Therefore, Answer D is not currently supported by evidence 
in the literature.

K E Y P OI N T S

• The typical dose of midazolam for premedication in 
children is 0.25–0.75 mg/kg orally or 0.1–0.150 mg/
kg IM.

• Several types of medications depress the activity 
of CYP3A4, most notably, erythromycin, 
protease inhibitors, calcium channel blockers, and 
grapefruit juice.

• Phenytoin and carbamazepine, along with rifampin, 
barbiturates, glucocorticoids, and St. John’s wort, all 
induce the CYP3A4 enzyme.

• The dose of midazolam needed increases as age decreases 
in children, similar to the MAC of inhaled agents.

• HFJV utilizes the Venturi effect by entraining room 
air into the bronchoscope by a burst (“jet”) of oxygen 
delivered under pressure; typical tidal volumes are 1–3 
cc/kg and frequencies range from 60 to 1500.
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14. ANSWER: A

There are several anatomic and mechanical aspects of the 
upper airway that differ between the pediatric airway and 
the adult. These differences often dictate differences in 
anesthetic management technique. During the inspira-
tion phase of an inhalational induction, the upper airway 
is potentially prone to upper airway obstruction (collapse) 
due to the negative pull on the infant’s large tongue. The 
effect of negative pressure is to pull the tongue against 
the pharynx, thus collapsing the soft tissues of the orophar-
ynx. In the past, it was a long-held belief that the infant’s 
tongue is relatively large in relation to the rest of the oral 
cavity; however, recent MRI studies have shown that the 
pediatric tongue (between ages 1 and 11 years) is in fact 
proportional to other soft tissues and bony structures of 
the oral cavity. Nevertheless, the tongue may be a signifi-
cant source of obstruction for patients of any age. Other 
anatomic differences between the infant and adult are 
the position and the shape of the epiglottis. The infant’s 
epiglottis is narrow, “omega shaped,” and angled away 
from the tracheal axis, whereas the adult epiglottis is flat, 
broad, and parallel to the trachea. The narrowest part of 
the pediatric airway is the cricoid cartilage, in contrast to 
the adult, where the narrowest portion is the rima glottidis 
(the opening between the true vocal cords and the aryte-
noid cartilages).

Answer B is incorrect. The airway is kept patent by the 
upper airway muscles, particularly the genioglossus and not 
the hyoglossus muscle. The genioglossus muscle is the prin-
cipal muscle that dilates the pharynx.

Answer C is incorrect. Hypoxia and hypercarbia (not 
hyperoxia and hypocarbia) increase the dilating activity 
of the upper airway via the genioglossus muscle. Under 
general anesthesia the activity of the genioglossus muscle is 
depressed through the effects on the central nervous system, 
which commonly results in oropharyngeal obstruction.
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Answer D is incorrect. The infant larynx is located 
more cephalad in the neck C3-C4 (not C2-C3) as compared 
to the adult, which is located at C4-C5. The consequence of 
this anatomic difference is that the distances between the 
tongue, epiglottis, and larynx are smaller than they are in 
an adult, making visualization more difficult due to a more 
acute angle during standard laryngoscopy.

K E Y FAC T S

• During the inspiration phase of an inhalational 
induction of an infant, the upper airway is potentially 
prone to upper airway obstruction (collapse) due to 
the negative pull on the infant’s large tongue; the 
effect of negative pressure is to pull the tongue against 
the pharynx, thus collapsing the soft tissues of the 
oropharynx.

• The pediatric tongue (between ages 1 and 11 years) 
is in fact proportional to other soft tissues and bony 
structures of the oral cavity.

• The infant’s epiglottis is narrow, “omega shaped,” and 
angled away from the tracheal axis, whereas the adult 
epiglottis is flat, broad, and parallel to the trachea.

• The narrowest part of the pediatric airway is the cricoid 
cartilage, in contrast to the adult, where the narrowest 
portion is the rima glottidis (the opening between the 
true vocal cords and the arytenoid cartilages).

• The airway is kept patent by the upper airway muscles, 
particularly the genioglossus and not the hyoglossus 
muscle.

• The infant larynx is located more cephalad in the neck 
C3-C4 (not C2-C3) as compared to the adult, which is 
located at C4-C5.
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15. ANSWER: B

Answer A  is incorrect. Posttonsillectomy bleeding is 
considered a surgical emergency. A  potentially open 
blood vessel can continually ooze blood causing anemia and 
hypovolemia. There are two periods with the highest risk of 
posttonsillectomy bleeding: an acute (primary) phase that 
happens within 24 hours and a latent (secondary) phase 
that occurs 5 to 10  days after surgery. Approximately 
75% of the postoperative tonsillar bleeding occurs 
within 6 hours of surgery (primary phase). This phase of 

postoperative bleeding is often brisk and profuse. Primary 
bleeding is one of the reasons why prolonged recovery is 
required for these patients before sending them home. Some 
institutions will admit these patients overnight for observa-
tion; in fact, posttonsillectomy bleeding is responsible for 
conversion of ambulatory surgery to inpatient admission 
in 1%–2% of cases. The latent (secondary) phase typically 
occurs 5–10 days after surgery and is due to retraction of the 
eschar covering the tonsillar bed. The anesthetic approach 
to a take-back in this case includes quick but thorough 
evaluation by the anesthesiologist, including review of the 
original anesthetic record and a careful estimate of volume 
status. A history of dizziness or orthostatic hypoten-
sion is suggestive of a greater than 20% loss of circulating 
blood volume. Vigorous volume resuscitation with crystal-
loid prior to induction is often the most prudent course of 
action to ensure maintenance of hemodynamic stability. 
Blood transfusion is rarely required in these cases.

Answer B is correct. The most common site of bleeding 
is in the tonsillar fossa (67%), 27% in the nasopharynx, and 
7% in both.

Answer C is incorrect. Posttonsillectomy bleeding is 
considered a surgical emergency.

Answer D is incorrect. In cases when the bleeding blood 
vessel has not been identified during exploration of the sur-
gical site, it is not a bad practice to send for a coagulation 
study to rule out a bleeding diathesis.

K E Y FAC T S

• Posttonsillectomy bleeding is considered a surgical 
emergency.

• With posttonsillectomy bleeding there are two 
phases: an acute (primary) phase that happens within 
24 hours and a latent (secondary) phase that occurs 5 to 
10 days after surgery.

• Approximately 75% of the postoperative tonsillar 
bleeding occurs within 6 hours of surgery (primary 
phase).

• A history of dizziness or orthostatic hypotension is 
suggestive of a greater than 20% loss of circulating blood 
volume.
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16. ANSWER: A

During bronchoscopic procedures, oxygen can be deliv-
ered through the side port of the bronchoscope (apneic 
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oxygenation) during apneic periods. Often ventilation is 
possible through this port. It may be necessary to inter-
mittently ventilate the patient (either through the 
bronchoscope or via bag-mask ventilation) to prevent 
acidosis.

If apneic oxygenation is done, PaCO
2
 increases by an 

average of 3 mm Hg per minute (a range of 1 to 6 mm Hg). 
A  review of the alveolar gas equation highlights the rela-
tionship between the important physiologic variables 
during apnea:

pAO  FiO pATM pH O paCO RQ2 2 2 2= −( ) −( )/

Remember that breathing (in a nonparalyzed patient) is 
controlled by a complex set of inputs from chemoreceptors 
and the central nervous system, and it is ultimately output 
to effector muscles. The peripheral arterial chemorecep-
tors, located in the carotid and aortic bodies, are thought 
to play a role in sensing arterial PaO

2
 and pH, whereas cen-

tral chemoreceptors, located on the ventral surface of the 
medulla, are responsive to PaCO

2
 and pH.

The relationship between PaCO
2
 and cerebral blood 

flow (CBF) is linear where a 1 mm Hg increase in PaCO
2
 

leads to an increase in CBF by approximately 2 mL/100 g 
per minute (these studies were done in adults, not children). 
Increases in PaCO

2
 also increase pulmonary vascular resis-

tance (PVR), independent of the blood pH. Other factors 
that increase PVR include a decrease in PaO

2
, decrease 

in blood pH, and stimulation and release of circulating 
catecholamines.

K E Y FAC T S

• If apneic oxygenation is done, PaCO
2
 increases by 

an average of 3 mm Hg per minute (a range of 1 to 
6 mm Hg).

• It may be necessary to intermittently ventilate the 
patient (either through the bronchoscope or via 
bag-mask ventilation) to prevent acidosis.

• The peripheral arterial chemoreceptors, located in 
the carotid and aortic bodies, are thought to play a 
role in sensing arterial PaO

2
 and pH, whereas central 

chemoreceptors, located on the ventral surface of the 
medulla, are responsive to PaCO

2
 and pH.

• The relationship between PaCO
2
 and CBF is linear 

where a 1 mm Hg increase in PaCO
2
 leads to an increase 

in CBF by approximately 2 mL/100 g/min (these studies 
were done in adults, not children).
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17. ANSWER: C

Answer A  is incorrect. The first step during an airway 
fire is halting the procedure and immediate extubation. 
Practice advisory for the prevention and management of 
operating room fires:  an updated report by the American 
Society of Anesthesiologists Task Force on Operating Room 
Fires. Apfelbaum JL, Caplan RA, Barker SJ, Connis RT, 
Cowles C, Ehrenwerth J, Nickinovich DG, Pritchard D, 
Roberson DW, Caplan RA, Barker SJ, Connis RT, Cowles 
C, de Richemond AL, Ehrenwerth J, Nickinovich DG, 
Pritchard D, Roberson DW, Wolf GL; American Society 
of Anesthesiologists Task Force on Operating Room Fires. 
Anesthesiology. 2013 Feb;118(2):271–290. doi:  10.1097/
ALN.0b013e31827773d2.
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• Avoid using ignition sources 1 in proximity to an oxidizer-enriched atmosphere2

• Configure surgical drapes to minimize the accumulation of oxidizers
• Allow sufficient drying time for flammable skin prepping solutions
• Moisten sponges and gauze when used in proximity to ignition sources

Is this a High-Risk Procedure?
An ignition source will be used in proximity to an

oxidizer-enriched atmosphere

Fire
Prevention:

OPERATING ROOM FIRES ALGORITHM

YES

Fire Management:
Early Warning Signs of Fire5

FIRE IS PRESENT

HALT PROCEDURE
Call for Evaluation

If Fire Is Not Extinguished on First Attempt
Use a CO2 fire extinguisher7

AIRWAY 
6
 FIRE:

   IMMEDIATELY, without waiting
• Remove tracheal tube
• Stop the flow of all airway gases
• Remove sponges and any flammable
   material from airway
• Pour saline into airway

NON-AIRWAY FIRE:

   IMMEDIATELY, without waiting
• Stop the flow of all airway gases
• Remove drapes and all burning and
   flammable materials
• Extinguish burning materials by pouring
   saline or other means

No

Fire is not present;
Continue procedure

• Agree upon a team plan and team roles for preventing and managing a fire
• Notify the surgeon of the presence of, or an increase in, an oxidizedr-enriched atmosphere
• Use cuffed tracheal tubes for surgery in the airway; appropriately prepare laser-resistant tracheal tubes
• Consider a tracheal tube or laryngeal mask for monitored anesthesia care (MAC) with moderate to deep
   sedation and/or oxygen-dependent patients who undergo surgery of the head, neck, or face.
• Before an ignition source is activated:

Announce the intent to use an ignition source
Reduce the oxygen concentration to the minimum required to avoid hypoxia3

Stop the use of nitrous oxide4

is the Practice Advisory for Prevention and Management 
of Operating Room Fires. The algorithm shows the differ-
ent steps The American Society of Anesthesiologists rec-
ommends for when faced with cases that have a potential 
for airway fire. From the answer choices, the first step to 
take during a known airway fire is to halt the procedure 
and remove the endotracheal tube. In cases of both air-
way or no airway fire, it is still recommended that you turn 
off all airway gases. Subsequent steps include removal 
of all flammable substances from the airway or near the 
patient, including sponges or non-flame-resistant clothing 
or drapes. Finally, it is recommended to extinguish the fire 
with saline or water. If the fire is not extinguished by these 
initially maneuvers, then it is recommended that a CO

2
 

extinguisher be used to put out the fire. CO
2
 extinguish-

ers are not the most common type of fire extinguisher. CO
2
  

extinguishers use CO
2
 as an agent that displaces oxygen, 

removes heat from combustion zones, and because no 

extinguishing agent is used, they are labeled as “clean agents” 
and do not leave a residue after discharge. In contrast, ordi-
nary “kitchen” fire extinguishers that use dry agents like 
monoammonium phosphate or sodium bicarbonate leave 
a residue after use. Final steps include re-establishing an 
airway and examination of the oropharynx and/or trachea 
and bronchial tree with bronchoscopy.

Answer B is incorrect. While pouring saline into the 
field is an important part of the algorithm and fundamen-
tal in extinguishing an airway fire, it is not the first step in 
management.

Answer C is correct. Halting the procedure and imme-
diately removing the endotracheal tube is the best first step 
in management of a suspected airway fire.

Answer D is incorrect. Removing flammable sub-
stances from the surgical site and patient is important; 
however, extubating the endotracheal tube should be the 
first step.
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K E Y FAC T S

• The first step during an airway fire is halting the 
procedure and immediate extubation.

• Subsequent steps include removal of all flammable 
substances from the airway or near the patient, including 
sponges or non-flame-resistant clothing or drapes.

• Finally, it is recommended to extinguish the fire with 
saline or water.

• If the fire is not extinguished by these initial maneuvers, 
then it is recommended that a CO

2
 extinguisher be used 

to put out the fire.
• Final steps include re-establishing an airway and 

examination of the oropharynx and/or trachea and 
bronchial tree with bronchoscopy.
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18. ANSWER: C

Patients with associated congenital anomalies need special 
attention and vigilance. The anesthetic goal is to have a 
patient emerge from anesthesia comfortable and main-
taining airway patency. The use of narcotics can provide 
postoperative analgesia but also cause respiratory depres-
sion and relax airway musculature. Salloum et al. describe 
how to block the external nasal nerve and the infraor-
bital nerve resulting in a dense block in the maxillary 
area and upper lip. The nerve blocks combined with a field 
block will enable cleft lip cases to be done without general 
anesthesia.

Cleft lip and/or cleft palate are the most common 
head and neck congenital anomalies. Cleft palate results 
from failure of the two palatal processes to fuse. Most 
infants with cleft palate present with feeding difficulties; 
breast-feeding may not be possible. Severe feeding problems, 
breathing problems, and aspiration occur in patients with 
the Pierre Robin sequence. In the Pierre Robin sequence, 
cleft palate is associated with a receding lower jaw as well as 
posterior and cephalic displacement of the tongue, result-
ing in obstruction of the naso-oropharyngeal airway. This 
is a medical emergency and is a cause of sudden infant 
death syndrome (SIDS). The etiology of isolated palate 
clefts is multifactorial and likely to be associated with other 
anomalies. Approximately 8% to 10% of isolated cleft pal-
ates are associated with the velocardiofacial syndrome and 
a 22q deletion. The primary goal of surgery to repair a cleft 
palate is to help the patient attain normal speech.

Surgical repair of a patient with a cleft lip is not an 
emergency. The best age for operation can be described as 
the widely accepted “rule of 10.” This includes body weight 
of 10 lb (4.5 kg) or more, hemoglobin of 10 g/dL or more, 
and after the 10th week of life. Rarely, there is marked dis-
tortion of the alveolus after cleft lip repair, and prelimi-
nary maxillary orthodontic treatment may be needed. 
This often involves the use of appliances or simple constant 
pressure by use of an elastic band.

K E Y FAC T S

• Cleft lip and/or cleft palate are the most common head 
and neck congenital anomalies.

• The use of narcotics can provide postoperative analgesia 
but also cause respiratory depression and relax airway 
musculature.

• Peripheral nerve blockade of the external nasal nerve 
and the infraorbital nerve combined with a field block 
will enable cleft lip surgery to be completed without 
general anesthesia.

• Surgical repair of a patient with a cleft lip is not an 
emergency.

• The best age for operation can be described as the widely 
accepted “rule of 10”: weight of 10 lb (4.5 kg) or more, 
hemoglobin of 10 g/dL or more, and after the 10th week 
of life.

• Approximately 8% to 10% of isolated cleft palates are 
associated with the velocardiofacial syndrome and a 22q 
deletion.

• The primary goal of surgery to repair a cleft palate is to 
help the patient attain normal speech.
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19. ANSWER: C

In children, the incidence of PONV is inversely related 
to age, increasing throughout childhood, and reaches a 
peak during adolescence, a time in which the incidence of 
PONV is greater than that of adults. During childhood, 
girls and boys experience the same incidence of PONV; 
after puberty girls experience more. The type of surgery 
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also influences the likelihood of PONV, with tonsillecto-
mies reporting the highest incidence. Studies have shown 
that up to 70% of children undergoing this procedure will 
develop PONV. Eye surgery, hernia repairs, orchiopexy, 
and middle-ear procedures all are associated with higher 
incidences of PONV.

A multimodal approach is indicated to lessen the 
occurrence of PONV. There are multiple neuronal path-
ways thought to be involved in nausea. Stimulation of the 
chemoreceptor trigger zone, located in the area postrema 
of the 4th ventricle, is a primary pathway leading to the 
vomiting reflex. Drugs that modulate (inhibit) both the 
efferent and afferent inputs include 5-HT3, histamine, 
muscarinic, and dopaminergic antagonists. 5-HT3 
antagonists (ondansetron) are the drugs of first choice for 
prophylaxis of vomiting. Pharmacologist doses of 0.1–0.2 
mg/kg are usually recommended. Administration of dexa-
methasone is also effective in decreasing the incidence of 
PONV and can extend the period of effective treatment by 
up to 24 hours. The recommended doses for dexametha-
sone are 0.1–0.5 mg/kg. Studies have demonstrated that 
children given a single dose of dexamethasone were two 
times less likely to vomit after tonsillectomy than children 
who did not receive it.

Other maneuvers that are used to prevent PONV 
include avoiding the use of N

2
O, using propofol for its anti-

emetic effect (it has also been given as a low-dose infusion 
as part of the anesthetic), avoiding unnecessary prolonged 
NPO periods preoperatively, and proper hydration dur-
ing the case. All are essential and should not be taken for 
granted.

K E Y FAC T S

• In children, the incidence of PONV is inversely related 
to age, increasing throughout childhood, and reaches a 
peak during adolescents, a time in which the incidence 
of PONV is greater than that of adults.

• During childhood, girls and boys experience the same 
incidence of PONV; after puberty girls experience more.

• The type of surgery also influences the likelihood of 
PONV, with tonsillectomies reporting the highest 
incidence; eye surgery, hernia repairs, orchiopexy, and 
middle-ear procedures are all associated with higher 
incidences of PONV as well.

• Drugs that modulate (inhibit) both the efferent and 
afferent inputs that trigger the emesis reflex include 
5-HT3, histamine, and muscarinic and dopaminergic 
antagonists.
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20. ANSWER: B

Answer A is incorrect. Peritonsillar abscesses occur more 
frequently in older children, adolescents, and young adults 
and are the most common deep tissue infection treated 
by ENT surgeons. The infection usually originates in 
the tonsil itself due to gram positives like Strep. pyogenes, 
gram negatives like H. influenzae, and some anaerobes like 
Fusobacterium. The infection can then spread to the peri-
tonsillar space and compress the mandibular branch of 
the trigeminal nerve, which innervates the muscles that 
control mastication, causing trismus or pterygoid spasm and 
inflammation. Assessment for degree of trismus is part of a 
careful assessment of the airway in this patient. Cephalad 
spread of the infection can cause facial swelling and poor 
mask fit, which is a consideration in this patient. Caudad 
spread can lead to upper airway obstruction due to glottic 
edema and, in some case reports, mediastinitis, which can 
be a significant cause of hypoxemia. If trismus is not present 
and mouth opening is adequate, direct laryngoscopy may 
be accomplished with special care given to avoid aggravat-
ing the abscess with the laryngoscope or endotracheal tube. 
When trismus is present, as in this case, an inhalational 
induction using sevoflurane can be accomplished; usually 
the trismus resolves once an adequate depth of anesthesia 
is established. Fiberoptic intubation is performed nasally 
or orally, which can be facilitated with propofol. Having 
the equipment and surgeon present capable of emergency 
tracheostomy or cricothyrotomy is an important consider-
ation. RSI would be contraindicated in this patient with 
trismus and a potentially difficult airway.

Answer B is correct. Though insertion of a nasogas-
tric tube is a routine procedure, especially in the case of 
a known full stomach, it is not without complications. 
Esophageal rupture and resulting hemorrhage are rare 
but known complications. In mediastinitis with esopha-
geal involvement, the increased friability of tissues makes 
the esophagus more prone to rupture. Therefore, routine 
placement of a nasogastric tube in this case would be rela-
tively contraindicated.

Answer C is incorrect. Succinycholine is generally 
contraindicated in cases of known DMD due to the risk 
of hyperkalemia and cardiac arrest; therefore, avoiding suc-
cinylcholine in this patient would indeed be correct. The rou-
tine use of volatile anesthetics in such cases has also come into 
question due to several case reports of postoperative rhabdo-
myolosis and hyperkalemia, and it is theorized that both the 
presence of dystrophin and volatile anesthetic agents desta-
bilizes the muscle membrane, making it prone to injury. 
Nevertheless, this risk is weighed against the risk associated 
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with a known difficult airway, as in this patient, and sevoflu-
rane should not be categorically avoided in such situations.

Answer D is incorrect. Benzocaine carries the risk  
of methemoglobinemia, and would be relatively contrain-
dicated in a patient who is already hypoxemic due to medi-
astinitis and oropharyngeal compromise.

K E Y FAC T S

• Peritonsillar abscesses occur more frequently in older 
children, adolescents, and young adults, and they are 
the most common deep tissue infection treated by ENT 
surgeons.

• The infection usually originates in the tonsil itself due 
to gram positives like Strep. pyogenes, gram negatives like 
H. influenzae, and some anaerobes like Fusobacterium.

• The infection can spread to the peritonsillar space and 
compress mandibular branch of the trigeminal nerve, 
which innervates the muscles that control mastication, 
causing trismus or pterygoid spasm and inflammation.

• Cephalad spread of the infection can cause facial 
swelling and poor mask fit, which is a consideration in 
this patient.

• Caudad spread can lead to upper airway obstruction due 
to glottic edema and, in some case reports, mediastinitis, 
which can be a significant cause of hypoxemia.

• When trismus is present, as in this case, an inhalational 
induction using sevoflurane can be accomplished; 
usually the trismus resolves once an adequate depth of 
anesthesia is established.

• Succinycholine is generally contraindicated in cases 
of known DMD due to the risk of hyperkalemia and 
cardiac arrest.

• Benzocaine carries the risk of methemoglobinemia.
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21. ANSWER: C

Answer A  is incorrect. Pierre Robin sequence (PRS) 
occurs in approximately 1 in 8500 births—40% are isolated 
and the remaining cases are associated with a coexisting syn-
drome, the most common of which is Stickler syndrome, a 
genetic disorder affecting collagen. The hallmarks of PRS 
include microagnathia, cleft palate and glossoptosis, or a 
caudal (downward)—not cranial—displacement of the 

tongue that can result in feeding or respiratory difficul-
ties. Noninvasive airway maneuvers to improve respiration 
include prone positioning and placement of nasopharyn-
geal airways. In the case of respiratory distress, which often 
presents in the first week of life, tracheostomy may be indi-
cated. Mandibular distraction osteogenesis (MDO) is 
the most common surgical treatment for PRS, which 
involves an intial osteotomy and then gradual lengthen-
ing of the mandible as bone remodels. The surgery expe-
dites the growth of the mandibule, gradually relieves the 
airway obstruction, and optimizes respiratory mechanics. 
Prior to the more widespread use of MDO, approximately 
39% of infants required tracheostomy, versus now only 8%. 
In addition to tracheostomies and MDO surgery, children 
with PRS may require general anesthesia for G-tubes 
and cleft lip/cleft palate repair.

Answer B is incorrect. DiGeorge syndrome (velo-
cardiofacial syndrome) is associated with Pierre Robin 
sequence in approximately 15% of cases. CATCH-22 is 
a mnemonic for DiGeorge syndrome:  Cardiac defect, 
Abnormal facies, Thymic hypoplasia, Cleft palate, 
HYPOcalcemia, and 22q11 chromosome microdeletion.

Answer C is correct. A 2012 case series and retrospective 
review examined 33 Pierre Robin sequence (PRS) newborns 
requiring intubation for various reasons, including mandib-
ular distraction osteogenesis (MDO), g-tube, tracheostomy, 
and for respiratory distress. In all cases, mask ventilation 
was established, typically by inhalational induction. Two 
thirds were intubated with a fiberoptic bronchoscope and 
one third were intubated by direct laryngoscopy. No major 
complications were reported. It is important to note, how-
ever, that intubation is not absolutely required to proceed 
with tracheostomy. Children who cannot be intubated 
by bronchoscope due to subglottic stenosis or by direct 
laryngoscopy because of difficulty with visualization can 
undergo tracheostomy by mask as long as spontaneous ven-
tilation is adequate or an LMA is employed. Tracheostomy 
under sedation with ketamine or other medications that 
minimally depress the respiratory drive and local anesthetic 
infiltration is a third option. However, an antisiolagogue 
should be administered to reduce secretions.

Answer D is incorrect. Electrocautery use near the air-
way presents a risk for fire. Both oxygen and nitrous oxide 
are flammable and should be minimized or turned off (in 
the case of N

2
O) if the bovie is used. Wet towels on the chest 

and face as well as flame-resistant operating room drapes 
can be employed. In the case of fire or smoke in the airway, 
the first maneuvers are immediate extubation, dousing the 
field with water or saline, and then switching to mask ven-
tilation or reintubation.

K E Y FAC T S

• PRS occurs in approximately 1 in 8500 births—40% 
are isolated and the remaining cases are associated with 
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a coexisting syndrome, the most common of which is 
Stickler syndrome, a genetic disorder affecting collagen.

• The hallmarks of PRS include microagnathia, cleft 
palate and glossoptosis, or a caudal (downward)—not 
cranial—displacement of the tongue that can result in 
feeding or respiratory difficulties.

• Noninvasive airway maneuvers to improve respiration 
include prone positioning and placement of 
nasopharyngeal airways.

• In the case of respiratory distress, which often presents 
in the first week of life, tracheostomy may be indicated.

• MDO is the most common surgical treatment for PRS.
• In addition to tracheostomies and MDO surgery, 

children with PRS may require general anesthesia for 
G-tube placement and cleft lip/cleft palate repair.

• DiGeorge syndrome (velocardiofacial syndrome) is 
associated with Pierre Robin sequence in approximately 
15% of cases.
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22. ANSWER: D

Answer A  is incorrect. Hearing loss is broadly divided 
into conductive hearing loss (CHL) and sensorineural 
hearing loss (SNHL). CHL is the most common and occurs 
because of physical disruption of the transmission and/or 
transduction of sound. It is caused by ear canal atresia/
stenosis, cerumen, cholesteatoma, perforated tympanic 
membranes, or discontinuity of the ossicular chain (mal-
leus, incus, stapes). SNHL is caused by damage or malde-
velopment of the hair cells, cochlea, or 8th cranial nerve. 
These can be caused by genetic, anatomic, traumatic, 
autoimmune, or infectious etiologies. The most com-
mon congenital infection is cytomegalovirus, while the 
most common postnatal infection to cause SNHL is bac-
terial meningitis from Streptococcus pneumoniae. During 
surgery for cochlear implants, a retroauricular incision 
and mastoidectomy are performed to provide a pathway 
for the device placement in the inner ear. Postoperatively, 
the patient is fitted for an externally worn speech processor. 
Stapedius reflex thresholds are often obtained intraopera-
tively to be used for speech processor fitting. More reliable 
stapedius reflex threshold values can be achieved during 
lighter levels of hypnosis. In most children, increasing the 
depth of inhalational anesthetic will increased the stape-
dius reflex threshold.

Answer B is incorrect. Preoperative anxiety is com-
mon in children, and it is estimated that 40%–60% of chil-
dren develop significant fear and anxiety before surgery. 
Children between the ages of 1 and 5 years are at great-
est risk for developing extreme anxiety and distress. While 
many mature, independent older children can successfully 
undergo induction of anesthesia without their parents pres-
ent, this is less likely to be the case in children who have 
had repeat surgeries or hospitalizations (as in this case). 
Furthermore, it is often helpful to have a parent or sign 
language specialist accompany the child to the operating 
room to facilitate communication and a smooth transition 
to induction.

Answer C is incorrect. A  common theme to otologic 
procedures is the need to identify and preserve the facial 
nerve. The 7th cranial nerve passes through the mid-
dle ear and is at risk during almost all otologic proce-
dures. Many surgeons use EMG-based neural monitoring  
that will not function if paralytics are in use during the 
maintenance phase of anesthesia. Communication with 
the surgeon about his or her plans for neuromonitoring is 
imperative during surgery for cochlear implants and many 
other otologic procedures.

Answer D is correct. To maximize the ability for the 
child to understand and be able to communicate during 
the anxiety-prone phase of preinduction and induction, if 
the child reads lips, it is helpful for the masks of the anes-
thesiologist and other operating room personnel to be kept 
down until after induction of anesthesia.

K E Y FAC T S

• Hearing loss is broadly divided into CHL and SNHL.
• CHL is the most common and occurs because of 

physical disruption of the transmission and/or 
transduction of sound, and it is caused by ear canal 
atresia/stenosis, cerumen, cholesteatoma, perforated 
tympanic membranes, or discontinuity of the ossicular 
chain (malleus, incus, stapes).

• SNHL is caused by damage or maldevelopment of the 
hair cells, cochlea, or 8th cranial nerve secondary to 
genetic, anatomic, traumatic, autoimmune, or infectious 
etiologies.

• Stapedius reflex thresholds are often obtained 
intraoperatively to be used for speech processor 
fitting, and more reliable stapedius reflex 
threshold values can be achieved during lighter levels of 
hypnosis.

• Preoperative anxiety is common in children, and it is 
estimated that 40%–60% of children develop signficant 
fear and anxiety before surgery.

• The 7th cranial nerve passes through the middle ear 
and is at risk during almost all otologic procedures, and 
monitoring the function of this nerve requires lack of 
muscle paralysis.
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23. ANSWER: B

Answer A is incorrect. Situs inversus is a rare mirror-image 
arrangement of heart, lungs, and abdominal organs, where 
the left atrium and stomach are on the right and the right 
atrium and liver are on the left. Determination of vis-
ceratrial situs can be made by chest X-ray or ultrasound of 
the heart and abdominal organs. Situs inversus falls into a 
larger group of syndromes called heterotaxia syndromes 
that are often associated with severe congenital heart 
defects, such as ASD, VSD, AV septal defect, pulmonary 
stenosis/atresia, and anomalous systemic venous or pulmo-
nary venous return. Dextrocardia simply refers to the heart 
present on the right side of the chest (as in situs inversus), 
in contrast to the normal levocardia. Other issues in these 
children include lung, diaphragm, or thoracic cage abnor-
malities and asplenia, which increases the risk of serious 
infections such as bacterial sepsis. A total of 6–8 respiratory 
infections a year is within the normal range and would not 
necessarily represent a child with decreased immunity. In 
the radiograph (Fig. 16.1), the heart is in its normal configu-
ration, with the left ventricle pointing left, the aortic arch 
and great vessels on the right and stomach (with gastric air 
bubble) on the left. Therefore, the chest X-ray does not rep-
resent situs inversus.

Answer B is correct. This patient has an expiratory stri-
dor, which is suggestive—but not pathopneumonic—of 
lower airway obstruction. While most aspirated foreign 
bodies will preferentially lodge in the right bronchial 
tree, this is an example of a left mainstem bronchus for-
eign body that is causing an expiratory-phase obstruction 
(ball-valve effect), leading to breath-stacking and left-sided 
hyperinflation (otherwise known as localized emphy-
sema). As a result, the heart and trachea are pushed to 
the right. The same phenomenon may occur if the peanut 
fragment happened to lodge in the right mainstem. The 
presence of emphysema on chest X-ray, depending on the 
degree, may make maintenance of controlled but sponta-
neous ventilation a more desirable choice. Institution of 
positive-pressure ventilation through an endotracheal tube 
or LMA may worsen the emphysema and can risk more 

serious complications, such as barotrauma, tension pneu-
mothorax, and cardiovascular collapse. See question 1 for a 
more complete discussion of the anesthetic management of 
foreign body aspiration.

Answer C is incorrect. Pneumothorax can occur fol-
lowing aspirated foreign body, either from pathologic 
air-trapping (as in B) or as a complication of the procedure 
to retrieve the object. A  right-sided pneumothorax would 
typically not cause bowing of the trachea and heart to the 
right side. Furthermore, subtle lung markings can be seen 
on the right. Nevertheless, this film could theoretically rep-
resent a left-sided pneumothorax with significant air filling 
the thoracic cavity from a traumatic rupture of the bron-
chial tree and consequent one-way valve effect.

Answer D is incorrect. Unilateral phrenic nerve 
paralysis in children is uncommon, and it usually results 
from iatrogenic injury following intrathoracic surgery for 
congenital heart defects. A  more marked elevation of the 
hemidiaphragm would typically occur, as compared to the 
radiograph.

K E Y FAC T S

• Situs inversus is a rare mirror-image arrangement of 
heart, lungs, and abdominal organs, where the left 
atrium and stomach are on the right and the right 
atrium and liver are on the left.

• Situs inversus falls into a larger group of syndromes 
called heterotaxia syndromes that are often associated 
with severe congenital heart defects.

• Dextrocardia simply refers to the heart present on the 
right side of the chest (as in situs inversus), in contrast to 
the normal levocardia.

• Most aspirated foreign bodies will preferentially lodge in 
the right bronchial tree.

• Expiratory stridor is suggestive of, but not 
pathopneumonic for, lower airway obstruction.

• Pneumothorax can occur following aspirated 
foreign body, either from pathologic air-trapping 
or as a complication of the procedure to retrieve the 
object.

• Unilateral phrenic nerve paralysis in children is 
uncommon, and usually results from iatrogenic injury 
following intrathoracic surgery for congenital heart 
defects, and a marked elevation of the hemidiaphragm 
results on chest radiograph.
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24. ANSWER: B

Answer A  is incorrect. Almost all cases of acute otitis 
media are accompanied by mastoiditis due to inflamma-
tion of the mastoid air cells. Usually, antibiotic treatment 
prevents the spread of bacterial growth and inflamma-
tion. However, if the infection continues and involves 
destruction of the bony trabeculae of the mastoid, then 
the infection is termed acute mastoid osteitis or coales-
cent mastoiditis. Though it is rare due to the prevalence 
of improved management of otitis media, ongoing infec-
tion can involve the petrous portion of the temporal bone, 
causing eye pain and facial nerve palsy. The most common 
bacterial cause is Streptococcus pneumoniae. These chil-
dren require intravenous antibiotics and mastoidectomy. 
Mastoidectomy involves surgical exposure and removal 
of the mastoid air cells. Tympanoplasty is sometimes done 
in conjuction with mastoidectomy. The aim of tympa-
noplasty is to reconstruct the tympanic membrane that 
is chronically perforated from infection. Various materi-
als may be grafted at the site of reconstruction, including 
fat, fascia, and perichondrium. Anesthetic management is 
similar to other inner-ear surgeries. The patient is induced 
inhalationally or intravenously. The head is carefully rotate 
to the side of surgery. Maintenance of anesthesia should not 
include a long-acting paralytic because of the frequent need 
for EMG-based facial nerve monitoring, due to the fact 
that the facial nerve courses through the mastoid process. 
Succinycholine would be an acceptable alternative if muscle 
relaxation is required during endotracheal intubation.

Answer B is correct. The use of nitrous oxide is relatively 
contraindicated during placement of the tympanic graft. 
Because nitrous oxide is 30 times more soluble than 
the nitrogen in air, it diffuses much faster into closed gas 
spaces, such as the inner ear. Some surgeons believe that the 
tympanic membrane graft tends to lift away from the site of 
implantation with the use of nitrous oxide.

Answers C and D are incorrect. The most common com-
plication from surgeries of the inner ear is postoperative 
nausea and vomiting (PONV) due to surgical stimulation 
of the vestibular labyrinth and the anesthetic technique. 
Both dexamethasone and propofol have been shown to 
decrease the incidence of PONV after middle ear surgeries.

K E Y FAC T S

• Almost all cases of acute otitis media are accompanied by 
mastoiditis due to inflammation of the mastoid air cells.

• If the infection involves destruction of the bony 
trabeculae of the mastoid, then the infection is termed 
“acute mastoid osteitis” or “coalescent mastoiditis.”

• Ongoing otitis media can involve the petrous 
portion of the temporal bone, causing eye pain and 
facial nerve palsy, most commonly by Streptococcus 
pneumoniae.

• The use of nitrous oxide is relatively contraindicated 
during placement of the tympanic graft as it is 30 times 
more soluble than the nitrogen in air and it diffuses 
much faster into closed gas spaces, such as the inner ear, 
than the nitrogen can diffuse out.

• The most common complication from surgeries 
of the inner ear is PONV due to surgical 
stimulation of the vestibular labryinth and the 
anesthetic technique.
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25. ANSWER: B

Answer A  is incorrect. The hemoglobin concentration in 
neonates is a function of gestational age. The mean hemo-
globin concentration of a neonate born at less than 30 
weeks gestation is 13. A term infant would be expected 
to have an Hg concentration of 16 to 18. Therefore, 16–18 
would be too high in this infant and would not be a normal 
lab value.

Answer B is correct. Blood volume is also considered to 
be a function of gestational age. Term infants have an aver-
age blood volume of approximately 85 mL/kg, whereas 
the blood volume of preterm infants can be as high as 
90 to 105 mL/kg. Therefore, a blood volume of 100 mL/kg 
would be expected in this neonate.

Answer C is incorrect. Insensible losses are consider-
ably higher in the preterm neonate. In those weighing 
less than 1000 g, insensible losses of 2–3 mL/kg per hour 
can be expected due to lack of mature skin and subcuta-
neous tissue, and large exposed surface area-to-mass ratio. 
Larger premature infants (2000–2500 g) can be expected 
to have an insensible loss of 0.5–1 mL/kg per hour. 
Therefore, a loss of 0.5 mL/kg per hour would be unrea-
sonable in this case.

Answer D is incorrect. The optimal environmental 
(ambient) temperature for minimal heat loss and oxygen 
consumption for an unclothed infant is one that maintains 
core temperature at 36.5°C–37°C. A core ambient tempera-
ture to maintain a core of 36°C is too low for this infant and 
would require adjustment.

K E Y FAC T S

• The mean hemoglobin concentration of a neonate born 
at less than 30 weeks gestation is 13.
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• A term infant would be expected to have an Hg 
concentration of 16 to 18.

• Term infants have an average blood volume of 
approximately 85 mL/kg, whereas the blood volume of 
preterm infants can be as high as 90 to 105 mL/kg.

• Insensible losses are considerably higher in the immature 
preterm infants.
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16.
PLASTIC A ND OR A L-M A XILLARY FACI A L SURGERY

Dusica Bajic

1. Which of the following is a true statement about 
Charcot-Marie-Tooth disease?

A. It is an autosomal dominant disease.
B. Onset of symptoms occurs most often at birth.
C. It is a rare inherited neurological disorder, affecting 

approximately 1 in 2 million people in the United 
States.

D. The neuropathy of Charcot-Marie-Tooth disease 
affects only motor nerves.

2. A 13-year-old girl with history of Charcot-Marie-Tooth 
disease presents for removal of a large nevus located 
on the skin of the right hip. She has severe needle 
phobia. Which drug should be avoided during her 
perioperative care?

A. Midazolam
B. Ketamine
C. Sevoflurane
D. Nitrous oxide

3. Which of the listed syndromes can present with a 
potential difficult intubation due to a short, webbed 
neck and micrognathia?

A. Angelman syndrome
B. Beckwith-Wiedemann syndrome
C. Ehler-Danlos syndrome
D. Noonan syndrome

4. A 10-year-old boy presents for the surgical interven-
tion involving fronto-orbital and midfacial advance-
ment. As an infant, he underwent craniosynostosis 
repair due to a brachycephalic shaped skull. He also has 
a history of conductive hearing loss due to atresia of the 
external auditory canal. Review of systems is otherwise 
negative. Which of the listed diagnoses for this child is 
correct?

A. Angelman syndrome
B. Beckwith-Wiedemann syndrome
C. Crouzon syndrome
D. Ehler-Danlos syndrome

5. Which cranial suture is prematurely fused in a child 
with Apert syndrome?

A. Metotopic suture
B. Coronal suture
C. Sagittal suture
D. Lambdoid suture

6. Which of the listed syndromes is associated with 
either simple or complex syndactyly?

A. Crouzon syndrome
B. Apert syndrome
C. Goldenhar syndrome
D. Klippel Feil syndrome

7. A  6-month-old child presents to the preoperative 
clinic for evaluation prior to scheduled repair of the 
complex thumb/index finger syndactyly. Which of the 
following preoperative tests should be considered?

A. Transthoracic ECHO
B. CBC
C. ECG
D. Brain MRI

8. A  10-year-old boy with Treacher-Collins syndrome 
presents for surgical repair of acute appendicitis. Which 
of the following statements regarding anesthesia man-
agement is correct?

A. Treacher-Collins syndrome is not associated with 
cardiac abnormalities and therefore does not require 
a cardiac workup.
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B. Direct laryngoscopy becomes less difficult with 
increasing age.

C. Treacher-Collins syndrome is an autosomal 
dominant inherited disorder.

D. Patients with Treacher-Collins syndrome are 
difficult to intubate but do not present with difficult 
mask ventilation.

9. A newborn presents with respiratory distress imme-
diately after birth that is intermittent and relieved 
whenever the infant cries. He is diagnosed with cho-
anal atresia. Which of the following statements is true 
regarding choanal atresia?

A. Complete obstruction of posterior nares is found 
only in 10% of cases.

B. Adequate ventilation requires continuous use of an 
oropharyngeal airway.

C. Transpalatal repair is usually performed at 2 months 
of age in otherwise healthy, full-term infants.

D. It is an isolated anomaly that is never associated with 
other congenital abnormalities.

10. Physical exam in the newborn child with choanal 
atresia is also significant for coloboma of the eye, ear 
abnormalities, and genital hypoplasia. The surgeon 
decides to perform endoscopic transnasal puncture 
instead of transpalatal repair. Preoperative workup for 
this child should also include:

A. EEG
B. ECHO
C. X-ray of the hips
D. No further workup is necessary.

11. A  newborn with CHARGE association is sched-
uled for endoscopic transnasal puncture instead of 
transpalatal repair of choanal atresia. Anesthesia man-
agement for this child includes one of the following:

A. Easy mask ventilation and easy intubation.
B. Difficult ventilation due to congenital lung disease.
C. Hemodynamic instability due to heart defects.
D. Increased risk of bleeding due to coagulation factor 

deficiencies.

12. A 6-year-old girl with hemifacial microsomia char-
acterized by distinct unilateral mandibular hypopla-
sia is scheduled for ORIF of the right elbow fracture. 
Which of the following statements regarding anesthe-
sia concerns is true?

A. Despite unilateral mandibular hypoplasia, this 
patient is unlikely to present with a difficult 
intubation.

B. Coexistent urinary anomalies are associated with 
this condition.

C. Intubation becomes more difficult with 
increasing age.

D. A preoperative echocardiogram is not required.

13. An active 5-year-old boy who presented to the emer-
gency room complaining of headaches and projectile 
vomiting for the last 7–10  days is now scheduled for 
frontal craniotomy. Which of the following statements 
regarding anesthesia induction is correct?

A. Inhalational induction in this child is the most 
appropriate approach.

B. Placement of an IV for induction is the most 
appropriate in this child.

C. Intravenous barbiturates should not be used in this 
setting.

D. Intravenous ketamine would be an appropriate 
induction agent.

14. Which of the following statements is true regard-
ing the induction of anesthesia in a child with increased 
intracranial pressure?

A. Heavy premedication with midazolam should always 
precede intravenous induction.

B. Ketamine is a drug of choice for intravenous 
induction.

C. Thiopental is an ideal induction agent in 
neurosurgery.

D. Succinylcholine should always be avoided.

15. A  12-year-old boy presented with facial asymme-
try, proptosis, progressive visual failure, and partial 
progressive oculomotor palsy. MRI revealed paranasal 
tumor that extended into the cavernous sinus. You are 
evaluating him for the scheduled biopsy of the mass. 
Which statement regarding childhood tumors in the 
nasopharynx is true?

A. Most childhood tumors in the nasopharynx are 
malignant.

B. Skull base tumors in children do not present a 
therapeutic challenge because they are always 
superficial and easy to remove surgically.

C. The juvenile nasal angiofibroma is the most 
aggressive benign tumor of the skull base.

D. Risk of bleeding is minimal.

16. Which of the following syndromes is associated 
with obstructive sleep apnea in children?

A. Ehler-Danlos syndrome
B. Angelman syndrome
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C. Prader-Willi syndrome
D. DiGeorge syndrome

17. Which of the following statements is true regarding 
the obstructive sleep apnea in children?

A. Affected children are commonly overweight 
or obese.

B. An apnea/hypopnea index less than 1 should be an 
indication for admission after tonsillectomy.

C. Lymphoid hyperplasia is the most common etiology 
factor for obstructive sleep apnea.

D. Oral premedication is contraindicated in patients 
with OSA.

18. Which of the following statements regarding cleft 
lip and palate is true?

A. Despite presence of cleft lip/palate, infants do not have 
any problems with feeding and are well nourished.

B. In addition to cleft lip/palate, these patients never 
have any other airway abnormalities.

C. Congenital heart defects are not specifically 
associated with isolated cleft palate, but they may be 
present as part of a syndrome or association.

D. Cleft repair is always undertaken under one 
procedure to minimize anesthesia exposure.

19. What is the most appropriate pre-operative assess-
ment prior to cleft lip/palate repair?

A. Additional workup is not required since other 
systems are not affected.

B. A chest X-ray for possible pneumonia that is found 
frequently in this patient population.

C. Check out for bleeding tendency.
D. Cardiac workup is necessary in every patient with 

isolated cleft palate.

20. Which of the following peripheral nerve blocks 
could be indicated for cleft lip surgery in a 10-month-old 
infant scheduled for day surgery?

A. Superficial cervical plexus block
B. Infraorbital nerve block
C. Only local infiltration by surgeon should be done.
D. No regional anesthesia can be performed safely for 

this procedure.

21. Which of the following syndromes is characterized 
by a triad of symptoms that consist of:  micrognatia, 
cleft palate, and glossoptosis?

A. Hurler syndrome
B. Hunter syndrome

C. Pierre Robin syndrome
D. Treacher-Collins syndrome

22. During the extensive craniofacial hypoplasia 
repairs, which of the listed anesthesia concerns is true?

A. Airway management is usually difficult.
B. Surgical repair is usually short.
C. There is no increased risk of perioperative bleeding 

requiring blood transfusion.
D. A deep extubation at the end of surgery is 

indicated.

23. Which of the following statements is correct regard-
ing the use of tissue expanders?

A. Tissue expansion technique with expanders is only 
limited to skin.

B. It is applied only to adult size patients.
C. Use of skin tissue expanders leads to minimal tissue 

morbidity and scarring with a near-perfect match in 
color and texture of the skin.

D. This technique is not very popular since expanded 
flaps are less resistant to bacterial invasion than 
random cutaneous flaps.

24. A  6-month-old child is diagnosed with a vascular 
ring. Symptoms of stridor and difficulty with feeding 
were present soon after birth. History of slow breast 
and bottle feeding, fatigue with feeding, symptoms of 
dyspnea with feeding (“dying spells”), frequent regur-
gitation, and aspiration pneumonias were all noted. 
The workup etiology was initiated when solid foods 
were introduced, since it was associated with more pro-
nounced dysphagia. Which of the following statements 
is correct regarding the vascular rings?

A. Vascular rings commonly present in early infancy.
B. Surgery should be delayed until 6 months of age due 

to the risk of cardiac arrest in early infancy.
C. Vascular compression may result in emphysema 

of one or more lung lobes, compressing other lung 
tissue.

D. The use of esophageal stethoscope in infants with 
vascular rings is recommended.

25. An 8-month old baby who was born with a port-wine 
stain on the forehead and upper eyelid of one side of the 
face presents for a repeat laser therapy under general 
anesthesia. The pre-op evaluation includes results of 
the CT scan that revealed abnormal blood vessels in the 
pia mater overlying the brain on the same side of the 
head as the birthmark. The child is taking anti-seizure 
medication. Mother reports that convulsions when 
occur are limited to the body opposite the birthmark 
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and vary in severity. Which of the following statements 
is correct?

A. This syndrome is also associated with congenital 
heart malformations.

B. Despite presence of a seizure disorder, these children 
rarely have mental retardation.

C. This cavernous angioma over trigeminal nerve 
distribution may be associated with possible 
laryngeal and tracheal involvement.

D. Glaucoma is present in only 50% of cases.

26. An 8-year-old boy presents for repair of fractured 
mandible. The injury occurred 5 hours ago, just after he 

finished eating lunch. Review of all the other systems is 
negative in this otherwise healthy child. Which of the 
following statements regarding the mandibular frac-
ture repair is correct?

A. Potential surgery might include either interdental 
wiring or mandibular open reduction and wiring.

B. Intubation is usually easy in this otherwise healthy 
child with normal facial anatomy and absence of any 
craniofacial syndromes.

C. Patient should not be intubated through the nose.
D. After the procedure, potential postoperative 

vomiting can be managed despite mouth being wired 
closed.
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chaPter 16 ansWers

1. ANSWER: A

Charcot-Marie-Tooth (CMT) disease is one of the 
most common inherited neurological disorders, affecting 
approximately 1 in 2500 people in the United States. The 
disease is named for the three physicians who first identi-
fied it in 1886—Jean-Martin Charcot and Pierre Marie 
in Paris, France, and Howard Henry Tooth in Cambridge, 
England.

Symptoms. Onset of symptoms is most often in adoles-
cence or early adulthood, but some individuals develop 
symptoms in mid-adulthood. The neuropathy of CMT 
affects both motor and sensory nerves. A typical feature 
includes weakness of the foot and lower leg muscles, which 
may result in foot drop and a high-stepped gait with fre-
quent tripping or falls. Later in the disease, weakness and 
muscle atrophy may occur in the hands, resulting in diffi-
culty with carrying out fine motor skills (the coordination 
of small movements usually in the fingers, hands, wrists, 
feet, and tongue).

Etiology. CMT is caused by mutations in genes that 
produce proteins involved in the structure and function of 
either the peripheral nerve axon or the myelin sheath. It is 
an autosomal dominant disease. Although different pro-
teins are abnormal in different forms of CMT disease, all of 
the mutations affect the normal function of the peripheral 
nerves. Consequently, these nerves slowly degenerate and 
lose the ability to communicate with their distant targets. 
The degeneration of motor nerves results in muscle weak-
ness and atrophy in the extremities (arms, legs, hands, or 
feet), and in some cases the degeneration of sensory nerves 
results in a reduced ability to feel heat, cold, and pain.

K E Y FAC T

• Charcot-Marie-Tooth disease is an autosomal dominant 
disease with degeneration of motor nerves resulting in 
muscle weakness and atrophy in the extremities (arms, 
legs, hands, or feet), and in some cases the degeneration 
of sensory nerves results in a reduced ability to feel heat, 
cold, and pain.

references

Charcot-Marie-Tooth Association. Medications list. Available at: 
http://www.cmtausa.org/index.php?option=com_content&view=
article&id=68&Itemid=180. Accessed June 16, 2014.

National Institute of Neurological Disorders and Stroke. NINDS 
Charcot-Marie-Tooth disease information page. Available at: http://
www.ninds.nih.gov/disorders/charcot_marie_tooth/charcot_  
marie_tooth.htm. Accessed June 16, 2014.

2 .  A NS W E R : D

Drugs to Avoid in Charcot-Marie-Tooth disease. The 
Charcot-Marie-Tooth Association (http://www.cmtausa.
org) has long maintained the “Medical Alert” list of poten-
tially neurotoxic medications. Nitrous oxide (N

2
O), 

an inhalational anesthetic agent, is listed in a group of 
drugs with moderate to significant risk and should there-
fore be avoided during administration of anesthesia. The 
November/December 1995 NAMI Advocate warned of a 
potentially fatal drug interaction. The latter involves selec-
tive serotonin reuptake inhibitor antidepressants such 
as Prozac, Zoloft, Paxil, and Luvox. There are no contrain-
dications for administration of midazolam, ketamine, or 
sevoflurane.

K E Y FAC T

• Nitrous oxide is listed in a group of drugs with 
moderate to significant risk in patients with 
Charcot-Marie-Tooth disease.

references

Charcot-Marie-Tooth Association. Medications list. Available at: 
http://www.cmtausa.org/index.php?option=com_content&view=
article&id=68&Itemid=180. Accessed June 16, 2014.

National Institute of Neurological Disorders and Stroke. NINDS 
Charcot-Marie-Tooth disease information page. Available at: http://
www.ninds.nih.gov/disorders/charcot_marie_tooth/charcot_  
marie_tooth.htm. Accessed June 16, 2014.

3 .  A NS W E R : C

Ehler-Danlos syndrome is an autosomal dominant disease 
of connective tissue. Though patients may have dislocation 
of the temporomandibular joint, they are usually not char-
acterized as being a difficult to intubate.

Angelman syndrome, an autosomal dominant disease, 
presents as microcephaly and prognathia with a protruding 
tongue, and may potentially present as a difficult airway 
management.

Beckwith-Wiedemann syndrome is either a sporadic 
or autosomal dominant genetic disorder associated with 
known difficult airway management due to macroglossia 
and prognathism. It is classified as an overgrowth syndrome 
(macrosomia) that affects many parts of the body, includ-
ing the airway. Of note, hyperinsulinism can be associ-
ated with hypoglycemia. Neonates are especially at risk for 
hypoglycemia and perioperative serum glucose monitoring 
is warranted.

Noonan syndrome is an autosomal dominant disease 
of a single gene defect (12q22; 12q24). In addition to short 
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stature with vertebral and skeletal abnormalities, as well 
as factor XI deficiency, Noonan syndrome can also pres-
ent with a potentially difficult intubation, due to a short, 
webbed neck, micrognathia, and dental malocclusion.

K E Y FAC T

• Angelman syndrome, Beckwith-Wiedemann syndrome, 
and Noonan syndrome can all potentially present with 
difficult airway management.

reference

Nargozian C. The airway in patients with craniofacial abnormalities. 
Paediatr Anaesth. 2004;14:53–9.

4 .  A NS W E R : C

Crouzon syndrome is a rare genetic disease. The incidence 
is estimated to be 16.5 cases per 1 million persons.

Etiology. Crouzon syndrome is inherited as an auto-
somal dominant trait with complete penetrance and 
variable expressivity. Increased paternal age is a factor 
in sporadic cases. Mutations have been described in the 
FGFR2 gene.

Symptoms. Crouzon syndrome is also described as 
craniofacial dysostosis. It is characterized by cranial 
deformity due to premature craniosynostosis, hypoplas-
tic midface, exophthalmos, hypertelorism, and mandibu-
lar prognathism. In Crouzon syndrome, craniosynostosis 
of the coronal, sagittal, and lambdoid sutures may occur, 
giving the skull a brachycephalic shape. Occasionally, 
scaphocephaly or cloverleaf deformity may occur. Crouzon 
syndrome accounts for approximately 4.8% of general cra-
niosynostosis cases. Ocular findings include proptosis, 
megalocornea, nystagmus, keratoconus, ectopia lentis, or 
colobomas of the iris. Frequent headaches, seizures, and 
mental deficiency may also occur. An estimated 30%–55% 
of patients with Crouzon syndrome experience hearing loss 
(usually conductive). The external auditory canals may be 
atretic. Finally, anomalies of the cervical vertebrae mostly 
involve C2 and C3.

K E Y FAC T S

• Crouzon syndrome (craniofacial dysostosis) is an 
autosomal dominant inherited disease associated with 
premature craniosynostosis.

• The cranial deformity results from premature 
craniosynostosis with the features of a hypoplastic 
midface, exophthalmos, hypertelorism, and mandibular 
prognathism.

• In Crouzon syndrome, craniosynostosis of the coronal, 
sagittal, and lambdoid sutures may occur, giving the 
skull a brachycephalic shape.

• Associated cervical vertebral anomalies at C2 and C3 in 
Crouzon syndrome may limit neck mobility.

reference

Trainor PA, Adrews BT. Facial dysostoses:  etiology, pathogen-
esis and management. Am J Med Genet C Semin Med Genet. 
2013;163(4):283–94.

5 .  A NS W E R : B

Apert syndrome is also known as acrocephalosyndactyly 
type 1. It is inherited as an autosomal dominant trait. The 
incidence of Apert syndrome is estimated to be 15.5 cases 
per 1  million persons. The major diagnostic criteria for 
Apert syndrome are craniosynostosis and syndactyly of the 
hands and the feet. It represents 4.5% of all cases of cra-
niosynostosis. The skull is acrocephalic with a shortened 
anteroposterior diameter and a flat occiput. The craniosyn-
ostosis involves the coronal suture, making the forehead 
prominent. Other associated anomalies include abnormali-
ties of the cervical vertebrae (single fusion, 37%; multiple 
fusion, 31%) with C5 and C6 often involved.

Otolaryngological Manifestations. The nasal bridge is 
depressed, and the midface is typically hypoplastic associ-
ated with common visual impairment (e.g., amblyopia). The 
palate is narrow and is described as Byzantine arch shaped 
(i.e., Byzantine arch palate). These patients usually undergo 
midface advancement. Cleft palate may also occur (30%). 
Associated anomalies include those of the ears and airway, 
as well as tracheal stenosis.

K E Y FAC T S

• Apert syndrome, also known as acrocephalosyndactyly 
type 1, is an autosomal dominant inherited disease.

• Patients with Apert syndrome have craniosynostosis and 
syndactyly of the hands and the feet.

• The skull is acrocephalic with a shortened 
anteroposterior diameter and a flat occiput.

• The craniosynostosis involves the coronal suture, making 
the forehead prominent.

references

Cohen MM Jr., Kreiborg S. Upper and lower airway compromise in the 
Apert syndrome. Am J Med Genet. 1992;44(1):90–3.

Weber B, Schwabegger AH, Vodopiutz J, Janecke AR, Forstner R, 
Steiner H. Prenatal diagnosis of Apert syndrome with cloverleaf 
skull deformity using ultrasound, fetal magnetic resonance imaging 
and genetic analysis. Fetal Diagn Ther. 2010;27(1):51–6.
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6 .  A NS W E R : B

Syndactyly is one of the most common hereditary limb 
malformations depicting the fusion of certain fingers and/
or toes. It is also considered one of the most heterogeneous 
developmental deformities known in the medical literature. 
Apert syndrome is listed as being associated with syndac-
tyly. In addition, Apert syndrome is associated with coronal 
craniosynostosis (shortened anteroposterior diameter of the 
scull and a flat occiput), hypoplasia of the midface, visual 
impairment, Byzantine arch palate, and abnormalities of 
the cervical vertebrae such as single or multiple fusions of 
the cervical vertebrae with C5 and C6 vertebrae most com-
monly involved.

The rest of the listed syndromes are summarized as 
follows:

• Crouzon syndrome: As craniofacial dysostosis, 
Crouzon syndrome is characterized by cranial 
deformity due to premature craniosynostosis, 
hypoplastic midface, exophthalmos, hypertelorism, and 
mandibular prognathism. It is inherited as an autosomal 
dominant trait.

• Goldenhar syndrome: It is an eponym for hemifacial 
microsomia (facial asymmetry), including hypoplasia 
of the mandible as well as small pharynx. Patients with 
more severe forms present as very difficult intubations 
due to limited jaw mobility, as well as compromised 
natural breathing through a narrow pharynx. One of 
the differential diagnoses for Goldenhar syndrome is 
the Treacher-Collins syndrome, which also has the same 
presentation but is a bilateral abnormality.

• Klippel-Feil syndrome: A rare disease that presents 
with a short neck due to congenital fusion of any two 
of the seven cervical vertebrae. The most common signs 
associated with Klippel-Feil syndrome are short neck, 
low hairline at the back of the head, and restricted 
mobility of the upper spine. Other symptoms may 
include scoliosis, short statue, spinal bifida, cleft palate, 
and/or heart malformations.

K E Y FAC T

• Syndactyly can be associated with Apert syndrome, also 
known as acrocephalosyndactyly type 1.

reference

Malik S. Syndactyly:  phenotypes, genetics and current classification. 
Eur J Hum Genet. 2012;20:817–24.

7.  A NS W E R : C

Syndactyly of the border digits (thumb/index finger or 
ring/small fingers) is treated at an early age to prevent the 
larger digit from curving toward the smaller digit with 
growth. Typically, syndactyly of these digits is treated at 
6 months of age. The treatment of syndactyly of the other 
digits is elective and is more commonly performed when 
the digits have grown, at 18–24 months of age. The workup 
is more complex in cases when syndactyly is part of a syn-
drome (e.g., Apert syndrome or Potter syndrome). To rule 
out possible congenital long QT syndrome, which might 
be present in children with syndactyly, an electrocardio-
gram (ECG) should be considered as part of preoperative 
evaluation. Patients with long QT syndrome are at risk of 
developing life-threatening arrhythmias after exposure to 
anesthesia.

K E Y FAC T

• Patients with syndactyly should be considered for a 
preoperative ECG to rule out congenital long QT 
syndrome.

reference

Mandal B, Kaur G, Batra YK, Mahajan S. Manifestation of long QT 
syndrome with normal QTc interval under anesthesia: a case report. 
Pediatr Anesth. 2011;21:1265–7.

8 .  A NS W E R : C

Treacher-Collins syndrome, described as mandibulofacial 
dysostosis, is a rare (1:50,000 incidence) genetic abnormal-
ity inherited in the autosomal dominant fashion. Their 
typical physical features include (1)  downward slanting 
eyes; (2) micrognathia (a small lower jaw) and microstomia 
(a small mouth); (3) underdeveloped, aplastic zygoma; and 
(4) conductive hearing loss, as well as malformed or absent 
ears. Some features related to Treacher-Collins syndrome 
are seen less frequently: cleft palate, coloboma of the upper 
lid, choanal atresia, and cardiac anomalies.

Anesthesia implications are several. Preoperatively, 
both cardiac function and airway should be assessed in 
detail. These patients can be difficult to mask ventilate 
and are commonly very difficult to intubate. Intubation 
of patients with Treacher-Collins syndrome frequently 
becomes more difficult with increasing age. LMA can be 
useful in facilitating fiberoptic intubation. Some children 
may even require tracheotomy. In addition, they should 
be monitored for airway compromise in the postoperative 
period.
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K E Y FAC T S

• Patients with Treacher-Collins syndrome can be 
difficult to mask ventilate and are commonly very 
difficult to intubate.

• Intubation of patients with Treacher-Collins syndrome 
frequently becomes more difficult with increasing age.

references

Inada T, Fujise K, Tachibana K, et  al. Orotracheal intubation 
through the laryngeal mask airway in paediatric patients with 
Treacher-Collins syndrome. Paediatr Anaesth. 1995;5(2):129–32.

Nargozian C. The airway in patients with craniofacial abnormalities. 
Paediatr Anaesth. 2004;14:53–9.

9.  A NS W E R : B

Choanal atresia is a complete membranous or body occlu-
sion of the posterior nares in 90% of cases. The diagnosis 
can be easily confirmed by listening for air exchange over 
each nostril with a stethoscope. Once diagnosis is estab-
lished, the airway obstruction should be relieved with an 
oropharyngeal airway until completion of surgery. Unlike 
transpalatal repair in otherwise healthy, full-term infants, 
endoscopic transnasal puncture may be preferred in preterm 
infants or in those with associated significant abnormalities 
such as the CHARGE association. Surgical interventions 
are performed immediately at 1-2 days of life.

Preoperatively, adequate ventilation requires continu-
ous use of the oropharyngeal airway. Special anesthesia 
consideration primarily includes the maintenance of the 
airway until completion of surgery. At the end of the proce-
dure, pharynx should be suctioned with care to ensure that 
stents are clean and patent. Patients should be extubated 
only when fully awake. Postoperatively, airway observation 
should continue, since aspiration during feeding commonly 
occurs after the repair of choanal atresia.

K E Y FAC T

• Adequate ventilation in a newborn with choanal atresia 
requires continuous use of an oropharyngeal airway 
until surgical repair: transpalatal repair in healthy 
newborns or transnasal puncture in preterm infants or 
those with associated anomalies.

references

Pagon RA, Graham JM, Zonana J, Yong SL. Coloboma, congenital heart 
disease, and choanal atresia with multiple anomalies:  CHARGE 
association. J Pediatr. 1981;99(2):223–7.

Stack CG, Wyse RK. Incidence and management of airway problems in 
the CHARGE association. Anesthesia. 1991;46(7):582–5.

10 .  A NS W E R : B

Choanal atresia could be associated with CHARGE syn-
drome (formerly known as CHARGE association), caused 
by a genetic disorder that is inherited in an autosomal 
dominant pattern. The term CHARGE came into use as an 
acronym for the set of unusual congenital features seen in 
some newborn children.

CHARGE is an acronym for:

Coloboma of the eye

Heart defects

Atresia of the nasal choanae

Retardation of growth and/or development

Genital and/or urinary abnormalities

Ear abnormalities and deafness

The pattern of malformations varies among indi-
viduals with this disorder, and infants often have mul-
tiple life-threatening medical conditions. The diagnosis of 
CHARGE syndrome is based on a combination of major 
and minor characteristics. Major characteristics include 
coloboma of the eye, microphthalmia, choanal stenosis/
choanal atresia, cranial nerve abnormalities associated with 
difficulty swallowing, facial paralysis, a sense of smell that 
is diminished (hyposmia) or completely absent (anosmia), 
and mild to profound hearing loss. In addition, minor 
characteristics include heart defects, slow growth starting 
in late infancy, developmental delay, and cleft lip/palate. 
Patients frequently have hypogonadotropic hypogonadism, 
which affects the production of hormones that direct sexual 
development. Males are often born with micropenis and 
undescended testes (cryptorchidism). Being that congenital 
heart defects could be present at the same time as the cho-
anal atresia as part of the CHARGE association, ECHO of 
the heart should be performed as part of the preoperative 
evaluation.

K E Y FAC T S

• CHARGE syndrome includes Coloboma of the eye, 
Heart defects, Atresia of the nasal choanae, Retardation 
of growth and/or development, Genital and/or urinary 
abnormalities, and Ear abnormalities and deafness.

• In patients with CHARGE syndrome, a preoperative 
echocardiogram should be performed to exclude cardiac 
abnormalities.

references

Lerman J, Cote CJ, Steward JS, eds. Manual of Pediatric Anesthesia with 
an Index of Pediatric Syndromes. 6th ed. Philadelphia, PA: Churchill 
Livingstone; 2010; 278–80.
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Significant concerns in a child with CHARGE syndrome 
include the following: (1) possible difficult ventilation and 
difficult intubation, (2) possible impaired renal function due 
to urinary abnormalities, as well as (3) hemodynamic insta-
bility due to heart defects. Increased risk of bleeding due to 
coagulation factor deficiencies is unlikely. Congenital lung 
disease is not the part of CHARGE syndrome description.

K E Y FAC T S

• CHARGE syndrome includes Coloboma of the eye, 
Heart defects, Atresia of the nasal choanae, Retardation 
of growth and/or development, Genital and/or urinary 
abnormalities, and Ear abnormalities and deafness.

• In patients with CHARGE syndrome, significant 
perioperative concern includes hemodynamic instability 
due to heart defects.
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Goldenhar syndrome is also described as hemifacial 
microsomia, as well as oculo-auriculo-vertebral syndrome. 
It is a rare congenital defect of unclear etiology character-
ized by incomplete hemifacial development of the ear, 
nose, soft palate, lip, and mandible. Common clinical 
manifestations include dermoids, preauricular skin tags, 
and strabismus. Furthermore, 20% of cases may be asso-
ciated with congenital cardiac abnormalities (i.e., atrial 
septal defect/ventricular septal defect, Tetralogy of Fallot, 
or coarctation of the aorta). Finally, presence of vertebral 
abnormalities may significantly limit neck extension. As 
with Treacher-Collins syndrome, intubation frequently 
becomes more challenging with increasing age.

Anesthesia implications are several and include the 
following:

1. Airway problems. Mask ventilation might be 
difficult due to inability to hold a facemask in place 
and maintain an airway once anesthesia is induced.

2. Tracheal intubation might be very difficult if 
deformities are present bilaterally. LMA should be 
kept readily available in addition to difficult airway 

supplies. Intubation might be easier if unilateral or 
left-sided malformations are present.

3. Potential hemodynamic changes due to presence of 
congenital heart disease.

Treatment is usually confined to surgical intervention 
necessary to help the child develop appropriately (e.g., jaw 
distraction/bone grafts, ocular dermoid debulking, repair-
ing cleft palate/lip, repairing heart malformations or spinal 
surgery). Some patients with Goldenhar syndrome will 
require hearing aids or glasses.

K E Y FAC T S

• Goldenhar syndrome is also known as hemifacial 
microsomia (unilateral mandibular hypoplasia).

• Airway in Goldenhar syndrome is potentially very 
difficult. Similar to Treacher-Collins syndrome, 
intubation frequently becomes more challenging with 
increasing age.

• Patients with Goldenhar syndrome may present with 
cardiac anomalies in 20% of cases.

references

Altintas F, Cakmakkaya OS. General anesthesia for a child with 
Goldenhar syndrome. Pediatr Anesth. 2005;15(6):529–30.

Holzman SR, Mancuso TJ, Sethna NF, DiNardo JA, eds. Pediatric 
Anesthesiology Review: Clinical Cases for Self-Assessment. New York, 
NY: Springer; 2010:222–3.

Nargozian C, Ririe DG, Bennun RD, Mulliken JB. Hemifacial micro-
stomia:  anatomical prediction of difficult intubation. Pediatr 
Anesth. 1999;9:393–8.

13 .  A NS W E R : B

Craniopharyngiomas are the most common childhood 
tumor that occurs in the sella-chiasmatic region. They are 
histologically benign neuroepithelial tumors of the central 
nervous system. Evidence suggests that adult craniopharyn-
giomas occurring at age 65–74 years are histologically and 
biologically different from pediatric craniopharyngiomas 
that are predominately observed in children aged 5–10 years 
(bimodal distribution incidence). Typically, the tumors 
arise within the sella turcica or adjacent suprasellar space.

Clinical Presentation. Symptoms of craniopharyngio-
mas are caused by mass effects on adjacent normal intracra-
nial structures. They can become quite large, obstructing 
cerebral spinal fluid pathways and causing hydrocephalus 
with increased intracranial pressure that leads to head-
aches, nausea, and projectile vomiting. Additional symp-
toms might include vision loss, growth hormone deficiency 
(e.g., short statue), hypothyroidism, adrenal insufficiency, 
and diancephalic syndrome. Diancephalic syndrome is 
present in emaciated hyperactive children who occasionally 
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present with unusual eye movements and even blindness; 
these symptoms result from extrinsic compression of the 
hypothalamus. Conversely, damage to or invasion of the 
ventromedial hypothalamus can result in a dysregulation 
of energy balance and resultant obesity upon presentation.

Anesthetic Management. Increased intracranial pres-
sure should always be considered when planning anesthesia 
induction in children with intracranial lesions.

An inhalational induction is appropriate unless the 
patient has intracranial hypertension. Inhalational agents 
increase cerebral blood flow.

Certainly, placement of an IV for anesthesia induction 
is the most appropriate approach. It should be done with 
topical local anesthetic to facilitate pain-free PIV insertion. 
One should also consider oral premedication that should be 
used judiciously. Intravenous anesthesia induction would 
allow for a more rapid induction without the possibility of 
airway compromise that sometimes may occur during an 
inhalational induction. Difficulty in ventilation would be 
associated with increased CO

2
 and subsequent increased 

blood flow to the brain, worsening intracranial pressure.
Barbiturates (e.g., thiopental) have some advantages in 

neurosurgical patients, since this class of drugs does lower 
both cerebral blood flow and the cerebral metabolic rate 
for oxygen (CMRO

2
). Although not commonly used, one 

could consider rectal administration of methohexital in 
a dose of 25–30 mg/kg. This approach will induce a light 
sleep in most children. However, in some children a given 
dose might lead to airway obstruction.

Intravenous anesthetic agents, with the exception of 
ketamine, either have no effect on cerebral blood flow or 
decrease it in the absence of hypercarbia. Ketamine is a 
potent cerebral vasodilator leading to increase in cerebral 
blood flow. Together with its effect on increased CMRO

2
, 

it can cause sudden increases in intracranial pressure. When 
considering intramuscular instead of oral premedication, 
intramuscular midazolam, instead of ketamine should be 
considered for a particularly anxious, uncooperative child 
who refuses oral premedication.

K E Y FAC T S

• An intravenous rapid sequence induction is most 
appropriate for patients with increased intracranial 
pressure presenting as headaches, nausea, and projectile 
vomiting.

• Ketamine is a potent cerebral vasodilator leading to 
increased cerebral blood flow, increased CMRO

2
, and 

sudden increases in intracranial pressure.
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Management during induction of anesthesia in a child with 
increased intracranial pressure should aim to minimize 
changes in intracranial pressure and fluctuations in arte-
rial and venous pressures. One should remember that the 
cerebral blood flow (CBF) in infants and children (90–100 
mL/100 g/min) is greater than in adults (50–60 mL/100 
g/min). It varies directly with changes in PaCO

2
 between 

20 and 80 mm Hg. Specifically, CBF increases 4% per each 
mm Hg increase in PaCO

2
.

Midazolam decreases CBF, cerebral metabolic rate 
for oxygen (CMRO

2
), and intracranial pressure (ICP). 

However, heavy premedication should always be avoided in 
patients undergoing craniotomy for fear of hypoventilation. 
Some children may benefit from a small dose of midazolam 
to calm them before surgery, but they should be closely 
observed until the airway is secured. A PaCO

2
 of approxi-

mately 30–35 mm Hg is preferred during controlled venti-
lation in neurosurgical patients.

Ketamine should not be used in neurosurgical patients 
with raised intracranial pressure. This drug increases both 
the CBF and CMRO

2
 leading to increase of ICP.

Thiopental reduces ICP and is considered an ideal 
induction agent in neurosurgery. It does not prevent an 
increase in blood pressure or ICP during laryngoscopy and 
intubation. These may be attenuated by prior administra-
tion of intravenous lidocaine (1 mg/kg) and an opioid (e.g., 
fentanyl 5 µg/kg) at anesthesia induction.

Succinylcholine may transiently and very slightly 
increase CBF and ICP in children with space-occupying 
lesions; this response may be attenuated by prior adminis-
tration of a small dose of a nondepolarizing muscle relax-
ant. Some children undergoing emergency craniotomy have 
a full stomach and should have a rapid sequence induction 
with either succinylcholine of high-dose rocuronium (1.2 
mg/kg). Finally, one should keep in mind that hyperkalemia 
was reported after succinylcholine was given to children with 
cerebral trauma and other central nervous system diseases 
(e.g., paraplegia, encephalitis, subarachnoid hemorrhage).

K E Y FAC T S

• Thiopental reduces ICP and is considered an ideal 
induction agent in neurosurgery.

• Succinylcholine may transiently and very slightly 
increase CBF and ICP in children with space-occupying 
lesions; this response may be attenuated by prior 
administration of a small dose of a nondepolarizing 
muscle relaxant.
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• For a rapid sequence induction, either succinylcholine or 
high-dose rocuronium (1.2 mg/kg) may be used.
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Most childhood tumors in the nasopharynx are benign, 
but they can have significant consequences due to its mass 
effect on the surrounding tissue. Pediatric skull base lesions 
include pediatric tumors such as encepahalocele, fibrous 
dysplasia, neuroblastoma, craniopharyngioma, juvenile 
nasopharyngeal angiofibroma, cholesteatoma, chordoma, 
chondrosarcoma, and Ewing sarcoma. Encepahaloceles, 
dermoids, and benign teratomas can occur as congenital 
remnants, in which case they present at an early age with 
airway obstruction.

Skull base tumors in children present a therapeutic chal-
lenge because of their unique pathological composition, the 
constraints of the maturing skull and brain, and the small 
size of the patients.

Juvenile nasopharyngeal angiofibromas are rare, histo-
logically benign, locally invasive tumors or vascular mal-
formations of the nasopharynx that are found primarily in 
the pubescent males. These lesions are considered the most 
aggressive of all the other benign tumors of the nasophar-
ynx. They extend locally into the surrounding nasopharyn-
geal tissue and cranially through the skull base. They are 
usually evaluated radiologically (e.g., CT and/or MRI with 
angiogram) and managed by embolization to reduce vascu-
larity prior to subsequent surgical resection.

Anesthesia management consideration for placement of 
embolization device is as follows:

1. Maintain slightly higher intravascular volume.
2. Maintain normal to slightly higher than normal 

systemic blood pressure.
3. Establish moderate controlled hypercarbia to 

facilitate coil placement.

For the surgical removal of the tumor, physiological 
parameters should be reversed since there is a high risk of 
bleeding. Specifically, juvenile nasal angiofibroma is a rare 
benign but very vascular tumor that may involve the nose. 
Even biopsy of these tumors may result in extensive bleeding 
that is very difficult to control. An operation to remove the 
tumor may result in massive blood loss and one should be 
prepared for it accordingly. Regarding the anesthesia man-
agement, one should consider (1)  invasive hemodynamic 
monitoring (arterial line), (2)  controlled hypotension, 

(3) volume reduction, and (4) positive pressure-controlled 
hyperventilation during anesthesia maintenance for surgi-
cal resection of the vascular lesion.

K E Y FAC T S

• Juvenile nasopharyngeal angiofibromas are rare, 
histologically benign, locally invasive tumors or vascular 
malformations of the nasopharynx that are found 
primarily in the pubescent males.

• These lesions are considered the most aggressive of all 
benign tumors of the nasopharynx.
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Prader-Willi syndrome is described as a sporadic muta-
tion or cytogenetic deletion at chromosome inherited 
from father (same genetic defect in Angelman syndrome is 
inherited from mother). Neonates with Prader Willi syn-
drome present with hypotonia, poor feeding, and absent 
reflexes. As the children grow, second phase of the disease 
is characterized by hyperactivity, uncontrollable poly-
phagia, disturbed thermoregulation, and mental retarda-
tion. Resulting obesity leads to cardiorespiratory failure. 
Anesthetic considerations for Prader-Willi syndrome man-
agement are several:

1. Anticipate difficult PIV access due to obesity.
2. To avoid danger of intraoperative hypoglycemia one 

should monitor blood glucose carefully. Intravenous 
glucose solution should be infused before, during, 
and after surgery/anesthesia.

3. Be aware that both low-grade pyrexia (e.g., in cases 
of scoliosis, strabismus, and hernia surgery) and 
hypothermia may occur intraoperatively.

4. Obstructive sleep apnea is common.
5. Postoperatively, these patients should be closely 

monitored for apnea and airway obstruction. 
Nasal CPAP may improve ventilation in selected 
candidates.
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In addition to Prader-Willi syndrome, obstructive sleep 
apnea in children is also found in children with Crouzon 
and Apert syndromes.

Ehler-Danlos syndrome, an autosomal dominant dis-
ease of the connective tissue might be associated with dis-
location of the temporo-mandibular joint, but it should not 
be associated with obstructive sleep apnea in children.

Angelman syndrome, an autosomal dominant dis-
ease, presents as microcephaly and prognathia with pro-
truding tongue and may potentially present as a difficult 
airway management. It is not associated with obstructive 
sleep apnea.

DiGeorge syndrome / velocardiofacial syndrome is 
a relatively common human disorder (1:5000 newborns) 
caused by a defect in chromosome 22. It is associated with 
several abnormalities:  craniofacial anomalies (microgna-
tia, short trachea, laryngo-/tracheomalatia), heart defects 
(i.g. truncus arteriosus, tetralogy of Fallot), poor immune 
system function (immune deficiencies), a cleft palate, com-
plications related to low levels of calcium in the blood (i.g 
hypoparathyroidism), and behavioral disorders (cogni-
tive and motor delay). It is however, not associated with 
obstructive sleep apnea. Special anesthesia considerations 
for DiGeorge syndrome include the following:  (1)  pre-
operative detailed evaluation of cardiac and immune sta-
tus; (2) preoperative check of electrolytes, especially Ca2+; 
(3) anticipation of possible difficult airway; and (4) caution 
with transfusion (irradiate blood prior to transfusing).

K E Y FAC T S

• Obstructive sleep apnea is found in children with 
(1) Prader-Willi, (2) Crouzon, and (3) Apert syndromes.
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Chronic obstruction due to lymphoid hyperplasia is the 
most common etiology factor for obstructive sleep apnea 
(OSA). It is also associated with obesity and several syn-
dromes (e.g., Apert syndrome, Crouzon syndrome, and 
Prader Willi syndrome). Affected children may be obese or 
asthenic, show difficulty arousing in the morning and have 
daytime somnolence, nocturnal enuresis and behavior prob-
lems (attention-deficit disorder and limited attention span), 
nocturnal apnea, and profuse sweating. Consequences of 

untreated OSA include failure to thrive, poor academic 
performance, and cardiopulmonary disease.

The American Academy of Pediatrics guideline 
contains the following recommendations for the diagno-
sis of OSA: (1) all children should be screened for snoring; 
(2) complex high-risk patients should be referred to a special-
ist; (3)  patients with cardiorespiratory failure cannot await 
elective evaluation; (4) diagnostic evaluation is useful in dis-
criminating between primary snoring and OSA, the gold 
standard being polysomnography; (5)  adenotonsillec-
tomy is the first line of treatment for most children, and con-
tinuous positive airway pressure is an option for those who 
are not candidates for surgery or do not respond to surgery; 
(6) high-risk patients should be monitored as inpatients post-
operatively; and (7) patients should be reevaluated postopera-
tively to determine whether additional treatment is required.

Polysomnographic indications for admission after ton-
sillectomy for the T&A with a history of OSA include the 
following:

1. A baseline value for partial pressure of CO
2
 (PaCO

2
) 

≥ 50 mm Hg
2. A baseline awake O

2
 saturation ≤ 92%

3. Episodes of O
2
 desaturation ≤ 80%

4. Apnea/hypopnea index greater than 1

In cases when polysomnography is unavailable, 
overnight O

2
 saturation monitors have been suggested 

as a valuable screening tool. Although the positive predic-
tive value of overnight SpO

2
 monitors is very high, a nega-

tive test is less helpful and should be interpreted cautiously.
Anesthesia Concerns. Children with OSA should be 

closely monitored before and after surgery. Supervised mild 
sedation (oral midazolam) is safe preoperatively but is often 
omitted. Note that the small incremental doses of opioid 
should be administered while the child is breathing spon-
taneously during the surgery (e.g., IV fentanyl 0.5 µg/kg 
or morphine IV 0.025 mg/kg). Children with OSA have 
abnormal (upregulated/increased) opioid sensitivity 
and may develop apnea even after administered reduced 
opioid doses despite the surgical postoperative pain.

K E Y FAC T S

• Children with chronic OSA have increased opioid 
sensitivity and require judicious administration of 
opioids.

• Affected children may be overweight but often have a 
normal BMI.

• Polysomnographic indications for admission after 
tonsillectomy for the T&A with a history of OSA 
include a baseline value for partial pressure of CO

2
 

(PaCO
2
) ≥ 50 mm Hg, a baseline awake O

2
 saturation 

≤ 92%, episodes of O
2
 desaturation ≤ 80%, and apnea/

hypopnea index greater than 1.
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Cleft lip and palate is present in various combinations in as 
many as 1:1000 live births. Defects may be isolated or they 
can occur as part of a syndrome or association of defects 
(e.g., Pierre-Robin syndrome).

Infants with these lesions may be both malnourished 
and anemic as a result of feeding difficulties and may have a 
history of repeated respiratory infections.

Isolated cleft palate appears to be a separate entity from 
cleft lip with or without cleft palate. Isolated cleft palate 
has an incidence of 1:2500 live births. Other anomalies 
are seen in up to 25% of all patients with cleft lip, palate, 
or both, and more often in children with bilateral cleft lip. 
Airway anomalies (e.g., Pierre Robin or Treacher Collins 
syndrome) may make intubation extremely difficult.

It is true that congenital heart defects are not specifi-
cally associated with isolated cleft palate but may be present 
as part of a syndrome or association. Up to 20% of patients 
with the Pierre Robin syndrome have cardiac anomalies 
such as atrial or ventral septal defect, or patent ductus 
arteriosus.

The surgical care of a patient with cleft lip/palate 
may be done in many possible stages. These include the 
following:

1. Application of orthodontic splints or devices to 
the palate

2. Cleft lip repair—usually done at 
10–12 months of age

3. Cleft palate repair—usually done at 
12–18 months of age

4. Alveolar bone graft
5. Pharyngoplasty for velopharyngeal 

incompetence—usually performed at 5–15 years
6. Maxillary advancement (Le Fort procedure) 

required for some adolescent patients

K E Y FAC T S

• Isolated cleft palate is not specifically associated with 
congenital heart defects.

• 20% of patients with the Pierre Robin syndrome have 
cardiac anomalies such as atrial or ventral septal defect, 
or patent ductus arteriosus.
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Very careful and detail preoperative assessment should be 
performed in children with cleft lip/palate presenting for 
surgery.

Patient with cleft lip/plate present with frequent upper 
respiratory infections, not pneumonias. In case of the upper 
respiratory tract infection, surgery should be postponed. 
Special attention to the airway, lungs and other systems 
should be done that might be affected in congenital syn-
drome (e.g., Pierre Robin or Treacher Collins syndrome).

History of bleeding tendency should be inquired. In 
addition, history of medication use should be reviewed with 
emphasis on salicylates, NSAIDs, gingko, garlic, or ginseng. 
If possible, determine the bleeding time; if it is prolonged, 
surgery should be deferred until complete hematology eval-
uation is done. Blood is usually rarely needed for cleft palate 
surgery when there is no bleeding tendency present.

It is true that congenital heart defects are not specifi-
cally associated with isolated cleft palate, but may be pres-
ent as part of a syndrome or association. Up to 20 % of 
patients with the Pierre Robin Syndrome have cardiac 
anomalies such as atrial or ventral septal defect, or patent 
ductus arteriosus.

K E Y FAC T S

• History of bleeding tendency should be inquired in all 
patients with cleft/lip palate.

• 20% of patients with the Pierre Robin syndrome have 
cardiac anomalies such as atrial or ventral septal defect, 
or patent ductus arteriosus.
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Cleft lip surgery is often performed in the day surgery unit 
because the surgery is superficial and postoperative prob-
lems are rare. The use of an infraorbital nerve block pro-
vides good postoperative analgesia for this type of surgery 
and should be routinely used.
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Infraorbital nerve block is simple to perform and pro-
vides good analgesia for infants undergoing cleft lip repair 
but also for children undergoing endoscopic sinus proce-
dures. Although in older children, the site of the infraorbital 
foramen can be palpated 1–1.5  cm below the infraorbital 
rim in the line with the supraorbital notch and the pupil, in 
infants it cannot be palpated. Instead, position of the infra-
orbital foramen should be estimated by using the following 
landmarks: the infraorbital nerve lies approximately under 
the midpoint of a line drawn between the middle of the pal-
pebral fissure and the angle of the mouth.

In contrast to cleft lip surgery, children undergoing cleft 
palate surgery are admitted for 24-hour observation. This 
is because both airway and bleeding problems may occur in 
the postoperative period. Considering that an upper respi-
ratory obstruction is a particular risk in the postoperative 
period, opioid analgesics should be used with caution.

K E Y FAC T

• An infraorbital nerve block is an appropriate regional 
anesthetic option for infants undergoing cleft lip repair.
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Pierre Robin syndrome (also described as sequence) is a con-
genital condition of facial abnormalities. The three main 
features include the following:

1. Micrognathia (small mandible) + retrognathia
2. Cleft palate that is U-shaped and wider
3. Glossoptosis (tongue displacement backwards)

The syndrome is generally diagnosed clinically shortly 
after birth. The infant usually has respiratory diffi-
culty, especially when supine. Patients with Pierre Robin 
Syndrome have difficult airway, as well as postoperative 
ventilatory obstruction. Preoperative work up for children 
with Pierre Robin syndrome should also include detailed 
heart evaluation. Up to 20% of patients with this syndrome 
have cardiac abnormalities such as atrial/ventral septal 
defect or patent ductus arteriosus.

Hurler syndrome (mucopolysaccharidosis type I) is 
autosomal recessive genetic disorder (1:100,000 incidence) 
that is characterized by the buildup of glycosaminoglycans 
(formerly known as mucopolysaccharides) due to specific 

enzyme deficiency (alpha-L iduronidase) responsible for 
degradation of mucopolysaccharides in lysosomes. As a 
result, it is usually classified as lysosomal storage disease. 
Clinically, patients with Hurler syndrome present with sev-
eral features:

1. Coarse facial features, macrocephaly, macroglossia, 
as well as limited neck mobility that predisposes 
them to the difficult airway management. One 
should note that in contrast to e.g. Pierre Robin and 
Goldenhar syndromes, airway management becomes 
more difficult with advance age of children with 
Hurler syndrome.

2. Their cardiovascular system is also affected by this 
systemic disease and is associated with coronary 
artery disease, thickened valves and myocardium. It 
all predisposes children with Hurler syndrome to 
develop congestive heart failure with time.

3. From the neuromuscular standpoint, Hurler 
syndrome children develop cognitive delay and 
possible hydrocephalus.

4. Miscellaneous features also include: short stature 
and kyphoscoliosis.

Anesthesia concerns in children with Hurler syndrome 
include detailed preoperative cardiovascular evaluation 
(including the heart ECHO), intraoperative preparedness 
for extremely difficult airway management, as well as post-
operative monitoring for airway compromise.

Hunter syndrome (mucopolysaccharidosis type II) 
has X-linked recessive inheritance. It is also classified as 
lysosomal storage disease that is caused by a deficient (or 
absent) enzyme, iduronate-2-sulfatase leading to accumu-
lation of heparan sulfate and dermatan sulfate in tissues. 
Clinical features and anesthesia concerns are similar to 
those described for Hurler syndrome.

Treacher-Collins syndrome, described as man-
dibulofacial dysostosis, is a rare (1:50,000 incidence) 
genetic abnormality inherited in the autosomal domi-
nant fashion. Their typical physical features include 
(1)  downward slanting eyes; (2)  micrognathia (a small 
lower jaw) and microstomia (a small mouth); (3) under-
developed aplastic zygoma; (4) conductive hearing loss as 
well as malformed or absent ears. Some features related to 
Treacher-Collins syndrome are seen less frequently: cleft 
palate, coloboma of the upper lid, choanal atresia, and 
cardiac anomalies.

K E Y FAC T

• Pierre Robin syndrome is characterized by a triad of 
symptoms that include: micrognatia, cleft palate, and 
glossoptosis.
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2 2 .  A NS W E R : A

Anesthesia concerns during craniofacial hypoplasia repair 
surgeries are several and include the following:

• Difficult airway management in case of significant 
deformities sometimes requires tracheostomy under 
local anesthesia.

• In the light of difficult airway, patients should always be 
extubated awake.

• Potentially extensive perioperative blood loss requires 
blood transfusion in small children.

• Long surgeries might be associated with potential 
problems related to prolonged anesthetics (e.g., pressure 
sores, nerve compression, eye damage).

• Anesthetic should be carefully managed to allow for 
relatively rapid wakeup at the end of the procedure so 
that the surgeon may check the cranial nerve function.

• Due to potentially extensive swelling of the adjacent 
tissue to the airway, parents should be informed that 
there is a high chance that the patient will remain 
intubated after the procedure.

K E Y FAC T S

• Patients with craniofacial hypoplasia may present with 
difficult airway management and advanced airway 
equipment should be readily available.

• Following craniofacial hypoplasia repair, patients should 
be extubated awake at the end of the surgery.
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23 .  A NS W E R : C

Tissue expansion has become a major reconstructive modality 
over the past 30 years. It has become more and more widespread, 

particularly in the fields of breast reconstruction, burn surgery, 
and pediatric plastic surgery. In many cases, tissue expansion 
can be said to have revolutionized plastic surgery.

Tissue expansion has numerous advantages. While it 
provides skin with a near-perfect match in color and tex-
ture, minimal donor site morbidity and scarring occur. It 
also can be used in various parts of the body to provide tis-
sue with specialized sensory function or adnexal character-
istics. Examples include the superior sensation of the skin 
flaps in breast reconstruction and the hair-bearing flaps 
designed in the treatment of male pattern baldness devel-
oped with expanders. In addition, expanded flaps are more 
resistant to bacterial invasion than random cutaneous flaps. 
This technique has been extended to other types of tissue, 
including bladder reconstruction, vascular elongation, and 
nerve lengthening.

Disadvantages include temporary cosmetic deformity 
during the expansion phase, prolonged period of expansion, 
the need for multiple procedures, and complications associ-
ated with the implant and placement.

K E Y FAC T S

• Tissue expanders have been used in reconstructive 
surgery for the past 30 years; they revolutionized plastic 
surgery.

• They are applied not only to skin but other tissue as well.
• Expanded flaps are more resistant to bacterial invasion 

than random cutaneous flaps.
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2 4 .  A NS W E R : C

Vascular rings are unusual congenital anomalies that occur 
early in the development of the aortic arch and great ves-
sels. The primary symptomatology associated with vascular 
rings is described in this case scenario and relates to the 
structures that are encircled by the ring, chiefly the trachea, 
and esophagus. Prompt diagnosis and treatment of these 
congenital abnormalities can be lifesaving. Surgery should 
not be delayed until child is older since they are prone to 
sudden cardiorespiratory arrest.

The double aortic arch is the anomaly that usually pro-
duces the most severe airway compression in the youngest 
patients. The second most common configuration, right 
aortic arch and left ligamentum arteriosum with retro-
esophageal left subclavian artery, displays a spectrum of 
severity. Some individuals present in infancy or very early 
in childhood while others do not present until adulthood.
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Special anesthesia concerns include the following:

1. Presence of respiratory failure is due to chronic or 
recurrent respiratory infections.

2. Vascular compression may result in emphysema 
of one or more lung lobes, compressing other lung 
tissue.

3. Airway compression may be at the level of the 
carina or main bronchi, which means that normally 
situated endotracheal tube might not prevent airway 
obstruction.

4. Patient may remain intubated postoperatively to 
prevent serious complications.

5. Use of esophageal stethoscope in infants with 
vascular rings has been reported to cause acute 
airway obstruction (secondary to esophageal dilation 
and compression of the airway).

K E Y FAC T S

• Vascular rings are unusual congenital anomalies that 
occur early in the development of the aortic arch and 
great vessels.

• Some individuals present in infancy or very early in 
childhood while others do not present until adulthood.

• Surgery should not be delayed until child is older 
because they are prone to sudden cardiorespiratory 
arrest.

• Vascular compression may result in emphysema of one or 
more lung lobes, compressing other lung tissue.

• Use of esophageal stethoscope in infants with 
vascular rings has been reported to cause acute airway 
obstruction (secondary to esophageal dilation and 
compression of the airway).
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25 .  A NS W E R : D

Sturge-Weber syndrome is usually manifested at birth by 
a port-wine stain on the forehead and upper eyelid of one 
side of the face. The birthmark can vary in color from light 
pink to deep purple and is caused by an overabundance of 
capillaries around the ophthalmic branch of the trigeminal 
nerve, just under the surface of the face. There is also mal-
formation of blood vessels in the pia mater overlying the 
brain on the same side of the head as the birthmark. This 
causes calcifications of tissue and loss of nerve cells in the 
cerebral cortex.

Neurological symptoms include seizures that begin in 
infancy and may worsen with age. Convulsions usually 
happen on the side of the body opposite the birthmark 
and vary in severity. There may also be muscle weakness 
on the side of the body opposite the birthmark. Some 
children will have developmental delays and mental retar-
dation; about 50% will have glaucoma (and optic neuropa-
thy often associated with increased intraocular pressure), 
which can be present at birth or develop later. Increased 
pressure within the eye can cause the eyeball to enlarge 
and bulge out of its socket (buphthalmos). Care should be 
done to prevent hypertension or raised intraocular pres-
sure during anesthesia management (e.g., intubation and 
extubation). Sturge–Weber syndrome rarely affects other 
body organs.

Children with Sturge-Weber syndrome present for 
repeated laser therapy of their port-wine stain.

K E Y FAC T S

• Patients with Sturge-Weber syndrome present with 
typical port-wine stain on the forehead and upper eyelid 
of the one side of the face.

• They also may have glaucoma, intracranial calcifications, 
seizure disorder and mental retardation.

• They present for repeated laser therapy of their 
port-wine stain.
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2 6 .  A NS W E R : A

There are numerous special anesthesia problems related to 
management of a patient that presents with fracture man-
dible. These include the following:

Although children are otherwise healthy with normal 
facial anatomy, airway management following 
mandibular fracture frequently represents a 
challenge. Intubation may be difficult because of 
tissue damage, trismus, and distortion of normal 
airway anatomy. Furthermore, foreign bodies (e.g., 
teeth) might be present in the airway that can further 
compromise laryngoscopy and intubation. Note 
that radio-opaque debris such as teeth may be visible 
on X-ray. Therefore, consulting radiographs before 
induction of anesthesia should be done. For children 
with full stomach that will otherwise warrant rapid 
sequence intubation, surgery should be delayed as long 
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as possible. Intravenous metoclopramide should also be 
administered.

Patients should be intubated through the nose. 
One should determine the more patent nostril prior 
to intubation. For emergency surgery, orotracheal 
endotracheal tube should be used initially, followed by 
placement of orogastric tube and emptying the stomach 
before it can be changed to a nasotracheal tube.

Intraoperative anesthesia technique should be directed 
toward decreasing a risk of postoperative nausea/
vomiting. This is because postoperative vomiting is a 
potential life-threatening event in cases of mouth being 
wired closed. Suction as well as wire cutters should 
be readily available at all times near the bedside for 
children whose jaws are wired closed.

K E Y FAC T S

• Patients with a mandibular fracture frequently present 
with difficult airway management due to tissue damage, 
trismus, and distortion of normal airway anatomy.

• Patients should be nasally intubated for a surgical repair 
of the mandible.

• Postoperative vomiting is a potential life-threatening 
event if the mouth is wired closed.
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17.

OPHTHALMOLOGY

Aman Kalra, Tasneem T. Dohadwala, and Najma Mehter

1. A 9-year-old girl with a history of postoperative nau-
sea and vomiting (PONV) is scheduled for strabismus 
repair of her left eye. You plan a general anesthetic with 
a LMA. Which one of the following factors puts this 
patient at greatest risk of PONV?

A. A propofol-based anesthetic
B. Gender of this patient
C. Combination prophylactic therapy
D. The type of surgery

2. A  14-year-old adolescent girl reports severe history 
of PONV after her last strabismus repair. During the 
interview she mentions blurry vision and dry mouth, 
which lasted for several days after her last anesthetic. 
You plan prophylactic antiemetic therapy along with 
a propofol-based general anesthetic. Which of the fol-
lowing prophylactic drug or combination will be the 
most appropriate for this patient?

A. A 5-HT
3
 receptor antagonist as your primary 

prophylactic agent
B. A 5-HT

3
 receptor antagonist in combination with 

dexamethasone
C. A combination of a scopolamine transdermal patch, 

a 5-HT
3
 antagonist, and dexamethasone

D. Scopolamine transdermal patch in combination 
with a 5-HT

3
 antagonist

3. Cervical spine instability is most likely to be associ-
ated with which one of the following syndromes?

A. Marfan syndrome
B. Hurler syndrome
C. Down syndrome
D. Alport syndrome

4. A  3-year-old girl with Down syndrome and known 
first-degree AV block is scheduled for strabismus sur-
gery on her right eye. Which of the following measures 

is most likely to be effective in preventing oculocardiac 
reflex (OCR)?

A. Choosing regional over general anesthesia
B. Pretreatment with intravenous atropine or 

glycopyrrolate
C. Choosing a retrobulbar over peribulbar block
D. A propofol-based anesthetic over a sevoflurane-based 

general anesthetic

5. The choice of anesthetic agent used for maintenance 
of anesthesia has shown to have an effect on the intensity 
and severity of bradycardia and associated hemodynam-
ics during an OCR. Which among the following anes-
thetics results in the highest heart rate during an OCR?

A. Propofol
B. Thiopental sodium
C. Ketamine
D. Sevoflurane

6. A 7-year-old girl received a penetrating injury to her 
eye. Which among the following will cause the greatest 
increase in intraocular pressure (IOP)?

A. Decreased PaCO
2

B. Elevated PaO
2

C. Elevated central venous pressures
D. Low arterial blood pressure

7. A 5-year-old child presents with penetrating trauma 
to her right eye. Parents report that the child had a bowl 
of cereal an hour ago. The child has a working IV from 
the emergency room. Which one of the following state-
ments is the most appropriate anesthetic management 
of this patient?

A. A rapid sequence induction with Propofol 2–4 mg/kg 
and succinylcholine 1–2 mg/kg.
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B. A rapid sequence induction with Propofol 2–4 mg/
kg and Rocuronium 1.2 mg/kg.

C. Deliberate hypercapnia and relative hypoxemia to 
decrease IOP.

D. If the laceration is small (<2 mm), IOP should be 
kept below 35 mm Hg.

8. A 10-day old, 1000 g premature infant is scheduled 
for an exploratory laparotomy for bowel perforation. 
Which of the following risk factors is most important 
with regard to the development of retinopathy of pre-
maturity (ROP) in this patient?

A. Extremely low birth weight
B. Exposure to high concentrations of oxygen in the 

operating room during surgery
C. Hypothermia and acidosis
D. Exposure to bright light in the operating room

9. A  6-month-old infant is scheduled for bilateral 
inguinal hernia repair. The infant was born at 26 weeks 
gestation. The patient’s chart review reveals a history 
of mild stable ROP. Which of the following statement 
is most accurate with respect to your anesthetic plan 
for this patient?

A. It is important to keep this patient’s saturations 
between 90% and 94%.

B. No ROP precautions are necessary in this patient at 
this time.

C. Administration of dexamethasone is preventive 
against ROP.

D. The risk of ROP significantly decreases after 55 
weeks post conceptual age.

10. A  2  kg preterm male is diagnosed with glaucoma. 
The ophthalmologist would like to start him on a topi-
cal ophthalmic regimen. Administration of which one 
of the following topical glaucoma agents is associated 
with apnea in neonates?

A. Latanoprost
B. Timolol
C. Pilocarpine
D. Acetazolamide

11. Which of the following ophthalmic topical medica-
tions is known to inhibit plasma cholinesterase for up 
to 6 weeks after discontinuation?

A. Echothiophate
B. Latanoprost
C. Trophicamide
D. Dorzolamide

12. Stimulation of which receptor results in mydriasis 
(pupillary dilatation)?

A. Alpha-1 sympathetic receptors
B. Beta-agonist receptors
C. Beta-antagonist receptors
D. Cholinergic receptors

13. A  3-year-old boy emergently comes to the operat-
ing room with a penetrating eye injury with concern for 
elevated IOP. Which of the following condition would 
further increase the IOP?

A. Respiratory alkalosis
B. Metabolic acidosis
C. Respiratory acidosis
D. Hyperoxia

14. A 15-month-old boy with Down syndrome is under-
going cataract surgery under general anesthesia with a 
LMA and spontaneous ventilation. Intraoperatively, an 
“eye” block is performed by the surgeon, after which the 
patient suddenly becomes profoundly hypotensive and 
apneic. Which type of “eye” block is most likely to have 
resulted in this complication?

A. Retrobulbar block
B. Peribulbar block
C. Sub-Tenon’s block
D. Infraorbital block

15. A full-term baby girl is diagnosed with nasolacrimal 
duct obstruction at birth. Which of the following state-
ments is most accurate with regard to her clinical course 
and management?

A. Spontaneous resolution is likely by 1 year of age; tear 
duct probing will most likely not be necessary for 
treatment.

B. Congenital nasolacrimal duct obstructions are not 
associated with other syndromes and craniofacial 
defects.

C. Analgesic requirements after nasolacrimal probing 
and irrigation are substantial.

D. Irrigating the lacrimal system with saline or 
fluorescin after the procedure to demonstrate 
patency does not increase the risk of laryngospasm.

16. A 3-year-old child presents to the operating room for 
repair of a ruptured globe. He weighs 16 kg and is cling-
ing to his mother and seems extremely irritable. An IV 
placed in the emergency room is no longer functional. 
Which of the following approaches to anesthetic induc-
tion would be the most appropriate in this patient?
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A. Attempt premedication with PO midazolam 
followed by inhalation induction with  
sevoflurane.

B. Insist on placing an IV, and then proceed with a 
modified rapid sequence induction with propofol 
and rocuronium.

C. Induction of general anesthesia with intramuscular 
ketamine, followed by IV placement.

D. Insist on placing an IV, since a rapid sequence 
induction with succinylcholine is highly 
recommended in order to prevent aspiration of 
gastric contents.

17. A 5-year-old suddenly goes into severe laryngospasm 
during inhalation induction with sevoflurane. He starts 

to desaturate rapidly and he is administered 4 mg/kg of 
IM succinylcholine. After intubation, the surgeon pro-
ceeds with the planned strabismus repair. He plans to 
perform a forced duction test (FDT) at the start of the 
surgery. Which of the following statement is most accu-
rate with regard to the effect of anesthetics on the accu-
racy of this test?

A. Volatile agents like sevoflurane may interfere with 
the accuracy of a FDT.

B. Rocuronium has no effect the accuracy of FDT.
C. Succinylcholine produces sustained contraction 

of extraocular muscles and a FDT should not be 
performed for at least 10 minutes.

D. Fentanyl may attenuate FDT.
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chaPter 17 ansWers

1. ANSWER: D

PONV in the Pediatric Population: Among children, 
PONV is inversely related to age. The incidence of PONV 
is low in infants and toddlers and reaches its peak in adoles-
cents, for whom the incidence exceeds that for adults.

Before puberty, there are no gender-related differences in 
PONV; after puberty, girls experience much more PONV 
than boys.

The type of surgery influences the incidence of PONV. 
The incidence of PONV in children is greatest after ton-
sillectomy/adenoidectomy, strabismus repair, hernia 
repair, orchidopexy, microtia repair, and middle ear 
procedures.

The choice of the anesthetic technique can influence 
the incidence of PONV in children. Propofol-based anes-
thetics are associated with a lower incidence of PONV 
compared to volatile agent–based anesthetics. Elimination 
of nitrous oxide has also shown to decrease the incidence 
of PONV.

Multimodal combination therapy for PONV is more 
effective than a single-treatment strategy. Combining 
5-HT

3
 receptor antagonists like ondansetron with dexa-

methasone and using a propofol-based anesthetic have 
shown to be collectively more effective in curbing PONV.

Adequate fluid resuscitation also plays in important 
role in PONV prevention. In a study by Goodarzi et  al., 
postoperative vomiting (POV) was reported in 54% of the 
control group, who received 10 mL/kg per hour of lactated 
Ringer’s solution, versus only 22% of the “superhydra-
tion group,” who received 30 mL/kg per hour of lactated 
Ringer’s solution.

KEY FACTS

• Before puberty, there are no gender-related differences 
in PONV. The incidence of PONV is low in infants and 
toddlers.

• The type of surgery greatly influences the severity and 
intensity of PONV.

• The choice of anesthetic influences the incidence 
and severity of PONV. Propofol-based techniques 
decrease PONV.

• Multimodal combination therapy for PONV 
prophylaxis is better than a single treatment strategy.

• Adequate fluid resuscitation plays an important role in 
prevention of PONV.
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2. ANSWER: B

PONV Prophylaxis: The most effective prophylaxis strat-
egy in children at higher risk for PONV and/or those who 
have a history of severe PONV is to use combination ther-
apy that includes fluid hydration, a 5-HT

3
 receptor antago-

nist, and a second drug such as dexamethasone.
Ondansetron is a serotonin 5-HT3 receptor antagonist 

commonly used as a first-line drug for antiemetic prophy-
laxis and rescue therapy. Its half-life in children is slightly 
shorter than it is in adults (2.5 vs. 3.8 hours), and side effects 
are unusual in all populations.

Dexamethasone is an effective antiemetic that exerts 
its effect through central inhibition of the nucleus tractus 
solitarii and not via the area postrema. Dexamethasone has 
a slow onset of action, which is why it appears to be more 
effective if administered at the beginning of the case rather 
than toward the end. Administration of dexamethasone 
alone or in combination with other antiemetics can extend 
the period of effective treatment up to 24 hours. A  4 mg 
prophylactic dose is as effective as 8 mg based on a recent 
meta-analysis.

Scopolamine is an anticholinergic agent that is effective 
in the prevention of motion sickness and PONV. Unlike 
glycopyrrolate, scopolamine DOES cross the blood–brain 
barrier and can cause significant adverse effects. Its side 
effect profile includes tachycardia, dry mouth, skin ery-
thema, agitation, confusion, drowsiness, and blurred vision. 
To minimize the relatively high incidence of side effects, a 
transdermal 1.5 mg dosage form was developed specifically 
for use in the prevention of motion sickness and PONV. In 
this patient, however, it will be wise to avoid scopolamine 
since she suffered from prolonged effects after her last 
anesthetic.

KEY FACTS

• Dexamethasone is a well-documented and effective 
antiemetic as a single agent and in combination with 
other antiemetics. It has a slow onset but has a long 
period of effectiveness (up to 24 hr).
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• Ondansetron, a serotonin 5-HT3 receptor antagonist 
remains the first-line drug in antiemetic prophylaxis and 
rescue management.

• Scopolamine is an anticholinergic agent that is effective 
in the prophylaxis of PONV. Since it crosses the 
blood–brain barrier, it does have a significant side effect 
profile, most prominently drowsiness, blurry vision, dry 
mouth, and tachycardia.

• Multimodal combination antiemetic therapy is more 
effective than single therapy.
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3. ANSWER: B

Marfan syndrome is an inherited disorder that affects con-
nective tissue. It is caused by a defect in the fibrillin 1 gene 
(FBN1), which affects elastic and nonelastic connective 
tissues. Marfan syndrome can also seriously affect the eyes 
and vision. These children have an increased risk of reti-
nal detachment, lens dislocation, glaucoma, and cataract 
formation.

Hurler syndrome, also known as Mucopolysacchari-
dosis Type 1, is a genetic disorder that results from the abnor-
mal buildup of glycosaminoglycans. Glycosaminoglycans 
are long chains of sugar carbohydrates in each of our cells 
that help build bone, cartilage, tendons, corneas, skin, and 
connective tissue. These children have various degrees of 
cognitive dysfunction, macroglossia, airway obstruction, 
and cervical spine instability. Deposition of mucopolysac-
charide material results in systemic dysfunction—cardiac 
and respiratory dysfunction, corneal opacities, and glau-
coma. Cataracts have not been described with this disorder.

Down syndrome (Trisomy 21) is the most common 
chromosomal abnormality in humans. It also remains the 
most common genetic cause of learning disabilities in chil-
dren. Congenital cardiac lesions such as ventricular septal 
defects, patent ductus arteriosus, and Tetralogy of Fallot are 

common in these patients. Other abnormalities frequently 
seen in these patients include macroglossia, subglottic 
stenosis, atlantoaxial instability, and hypothyroidism. 
Children with Down syndrome frequently present with 
ophthalmic disease such as neonatal cataracts, significant 
refractive errors (e.g., hypermetropia, astigmatism), stra-
bismus, glaucoma, keratoconus, nasolacrimal duct obstruc-
tion, and nystagmus.

Alport syndrome (progressive hereditary nephritis) is 
one of the disorders in a group of familial oculorenal syn-
dromes. Signs and symptoms include sensorineural hearing 
loss, progressive renal disease, multiple ophthalmologic dis-
orders (including cataracts, retinal detachment, and kerato-
conus), and myopathy.
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4. ANSWER: B

Oculocardiac reflex is a trigeminovagal reflex that was 
first described by Aschner and Dagnini in 1908. The reflex 
is fairly common during pediatric ophthalmologic surgery 
(particularly strabismus surgery). Traction on extraocular 
muscles (particularly the medial rectus) and/or pressure 
on the eyeball triggers this reflex, which manifests as sinus 
bradycardia, and occasionally even ominous rhythms such 
as atrioventricular block, ventricular ectopy, and even asys-
tole. The afferent impulses are carried via the long and short 
ciliary nerves (via the ciliary ganglion) to the ophthalmic 
division of the trigeminal nerve (cranial nerve V), and fur-
ther to the sensory nucleus of the trigeminal nerve near the 
fourth ventricle. The efferent impulses initiate at the vaso-
motor center in the brainstem and travel via the vagus nerve 
(cranial nerve X) to the heart (Fig. 17.1).

Pretreatment with intravenous atropine or glyco-
pyrrolate has been shown to be effective in preventing 
bradycardia. Pretreatment may be especially indicated 
in patients with a history of conduction block, vasovagal 
responses, or β-blocker therapy.

The reflex may occur during regional and general anes-
thesia, and the depth of anesthesia has been thought to be 
irrelevant. A retrobulbar block is not uniformly effective 
at preventing the reflex, and orbital injections can in 
fact trigger the response. The response is exacerbated by 
hypercapnia and/or hypoxemia.

The type of anesthetic has shown to inf luence the 
incidence and severity of the OCR. A  propofol-based 
maintenance technique was associated with the great-
est decrease in heart rate, while ketamine had the least 

 

 

 

 

 



17.   oPhthalMology  •   4 67

decrease. Halothane and sevoflurane have been shown 
to have intermediate effects, although the effect is more 
pronounced during halothane anesthesia. Remifentanil 
also has shown to exacerbate the decrease in heart rate.

When the reflex occurs, the anesthesiologist should 
first ask the surgeon to stop manipulations. Most of the 
time, the heart rhythm returns to normal with cessation of 
manipulation alone. The response also tends to fatigue with 
repeated stimulation. If significant bradycardia persists 
or recurs, intravenous atropine is administered. Rarely, in 
the event of severe bradycardia or asystole, chest compres-
sions may be required to allow the atropine to circulate. It 
is generally safe to proceed with surgery once normal sinus 
rhythm is restored.

KEY FACTS

• OCR is a trigeminovagal phenomenon. The afferent 
signals are carried by the ophthalmic division of the 
trigeminal nerve, while the efferent signal is carried by 
the vagus nerve to the heart.

• Pretreatment with atropine or glycopyrrolate has been 
shown to be effective in attenuating the reflex.

• The OCR can occur irrespective of the depth of anesthesia.
• A propofol-based maintenance technique is associated 

with the greatest decrease in heart rate, while ketamine 
with the least decrease. Sevoflurane has been shown to 
have an intermediate effect.

• When the reflex occurs, releasing of the stimulus is 
usually effective in ablating the dysrhythmias within 10 
to 20 seconds.
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5. ANSWER: C

The choice of anesthetic has shown to influence the inci-
dence and severity of the OCR. A  propofol-based main-
tenance technique has been shown to be associated with 
the greatest decrease in heart rate, while ketamine is asso-
ciated with the least decrease during strabismus surgery in 
children. Halothane and sevoflurane have been shown to 
have intermediate effects, although the effect is more pro-
nounced during halothane anesthesia. Remifentanil also 
has shown to exacerbate the decrease in heart rate.

The depth of anesthesia does not appear to either 
decrease or increase the incidence of OCR.
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6. ANSWER: C

Succinylcholine-induced increased IOP: The effect of 
succinylcholine on IOP is well documented. Succinylcholine 
increases IOP by 6–10 mm Hg. This effect begins within a 
minute after injection, peaks at 2–4 minutes, and subsides 
by 6–10 minutes. The mechanisms by which succinylcho-
line increases IOP have not been clearly defined. The fol-
lowing mechanisms have been postulated.

1. Cycloplegia (paralysis of the ciliary muscles of the 
eye) induced mydriasis obstructs the outflow of 
aqueous humor into the canal of schlemm, thus 
increasing IOP.

2. Tonic contraction of extraocular muscles exerts 
pressure on the globe, thus increasing IOP.

3. Transient dilatation of choroidal blood vessels 
increases choroidal blood volume, which 
increases IOP.

IOP: Normal IOP is around 12 to 15  mm Hg. An IOP 
greater than 20 mm Hg is considered abnormal. If the IOP 
remains elevated for long periods of time, blood flow to the 
retina gets impaired, possibly leading to loss of vision.

The globe is a relatively noncompliant compartment. 
IOP maintains the shape and optical properties of the eye. 
The volume of internal structures is fixed except for aque-
ous fluid and choroidal blood volume. The quantity of 

these two factors regulates IOP. Other factors that indi-
rectly affect these two factors include vitreous volume, 
extra ocular muscle tone, central venous pressure, arte-
rial blood pressure, PaO

2
, and PaCO

2
. IOP increases in 

situations when arterial blood pressure and/or the central 
venous pressure are high. Hypoxemia and hypercarbia cause 
vasodilation and increase IOP.

KEY FACTS

• Normal IOP is 12–15 mm Hg. Elevated IOP can have 
extremely deleterious effects on vision.

• Succinylcholine increases IOP by 6–10 mm Hg. 
The effect is immediate within a minute of injection 
and peaks in 4–6 minutes. The effect is gone by 10 
minutes.

• The quantity of aqueous humor and choroidal blood 
volume are the two primary factors that regulate IOP.

• Several other factors also govern IOP. These include 
vitreous volume, extra ocular muscle tone, central 
venous pressure, arterial blood pressure, PaO

2
, 

and PaCO
2
.
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7. ANSWER: B

Ocular trauma in childhood is common and may cause 
transient or permanent visual impairment. A  ruptured 
globe from blunt or penetrating injury risks the potential 
loss of vitreous humor, which may cause permanent blind-
ness if severe. Any increases in IOP during induction of 
anesthesia have a potential to exacerbate the loss of the 
vitreous and extrude globe contents. A ruptured globe is a 
surgical emergency.

The goal of management of a patient with an open 
globe injury and full stomach is to prevent increases in 
IOP and to prevent aspiration.

The importance of maintaining a quiet environment 
in the preoperative period cannot be overemphasized. 
Judicious premedication is warranted to reduce crying, 
coughing, and anxiety-induced vomiting.

Anesthetic induction is accomplished using a rapid 
sequence technique using high doses of nondepolariz-
ing muscle relaxant, thus avoiding succinylcholine. An 
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acceptable recipe is propofol 3–5 mg/kg and rocuronium 
1.2 mg/kg. Intravenous fentanyl 1–3  μg/kg and IV lido-
caine 1 mg/kg will help prevent acute increases in IOP 
from pain secondary to laryngoscopy and tracheal intu-
bation. The decision on whether to use succinylcholine in 
open globe surgeries remains controversial and should be 
based on the potential for a difficult airway and the viabil-
ity of the eye. In a study by Libonati et al., no loss of globe 
contents occurred in a series of 63 patients who received 
succinycholine for induction of anesthesia. If the risk of 
aspiration is considered high, succinylcholine may be used. 
It is better to avoid aspiration by using succinylcholine than 
to have aspiration occur and have subsequent increases in 
IOP from hypoxia and hypercarbia. Several investigators 
have found that pretreatment with a nondepolarizing 
agent (one-tenth the usual intubating dose) attenuates the 
increase in IOP from succinylcholine.

During emergence, it will be important to avoid 
increases in IOP that may be caused by acute hyperten-
sion or coughing on the endotracheal tube. Strategies to 
avoid this include administration of IV lidocaine 1.5 mg/
kg or deep extubation. In addition, antiemetic prophylaxis 
is indicated (ondansetron 0.05 mg/kg plus dexametha-
sone 0.5 mg/kg) to avoid emesis-induced increases in IOP 
postoperatively.

KEY FACTS

• The overall goal of anesthetic management in a patient 
with an open globe injury is to minimize increases in 
IOP and prevent aspiration.

• Judicious premedication is warranted to reduce crying, 
coughing, and anxiety-induced vomiting.

• A rapid sequence induction technique utilizing a 
high-dose nondepolarizing agent and propofol is 
preferable in order to minimize increases in IOP. 
Succinylcholine may be used if risk of aspiration is 
deemed high or difficult intubation is suspected.

• Studies have not shown loss of globe contents with 
succinylcholine, although this remains a valid theoretical 
concern.
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8. ANSWER: A

Retinopathy of prematurity (ROP) is an important cause 
of blindness and other visual disabilities in preterm infants. 
ROP is a postnatal disorder of the retinal vessels that devel-
ops only in the incompletely vascularized retinas of prema-
ture infants. Extreme prematurity and low birth weight 
are the strongest predictors of ROP. Retinal vessel growth 
begins from the optic disc at 14 to 18 weeks gestation, pro-
ceeding outward as the retina differentiates. Retinopathy 
of prematurity (ROP) occurs in approximately over 60% of 
extremely low birth weight (ELBW) infants (birth weight 
less than 1000 g), with the incidence being inversely pro-
portional to birth weight and gestational age.

The pathogenesis of ROP appears to be multifactorial 
in origin, and hyperoxia is just one of many contributory 
factors. Other etiological factors include hypoxia, shock, 
asphyxia, hypothermia, acidosis, vitamin E deficiency, 
and exposure to bright light.

The initial vaso-occlusive/vaso-obilitrative phase 
(Phase 1) of early ROP has been attributed to suppres-
sion of vascular endothelial growth factor (VEGF), and 
possibly erythropoietin, by hyperoxia. Phase 2 of ROP is 
characterized by hypoxia- induced pathologic vascular pro-
liferation due to rising levels of VEGF, erythropoietin, and 
IGF-1. Progressive severe ROP can result in severe irrevers-
ible visual impairment secondary to scarring and retinal 
detachment.

A recent Cochrane review concluded and confirmed 
(the now historical assumption) that liberal unrestricted 
oxygen delivery to a preterm infant is more harmful to 
the retina than restrictive oxygen delivery, although the 
data reviewed failed to specify the optimum blood oxygen 
concentrations that should be delivered.

A recent randomized trial by the SUPPORT Study 
group compared two lower-oxygen saturation target ranges 
(85% to 89%, compared to 91% to 95%), in extremely pre-
term infants with moderately severe retinopathy. This trial 
showed that rates of severe retinopathy did not differ signif-
icantly between the lower-oxygen-saturation group and the 
slightly higher-oxygen-saturation group (28.3% and 32.1%). 
However, there was one additional death for approximately 
every two cases of severe retinopathy that were prevented in 
the 85%–89% group.

As has been previously documented in the STOP-ROP 
study from 2000, the evidence implicating hyperoxia as 
contributing to the development of ROP must be recog-
nized but placed in perspective. In this study, the use of 
supplemental oxygen at pulse oximetry saturations of 96% 
to 99% did not cause additional progression of prethreshold 
ROP but also did not significantly reduce the number of 
infants requiring peripheral ablative surgery. The conclu-
sion reached by this group stated, “Although the relative 
risk–benefit of supplemental oxygen for each infant must 
be individually considered, clinicians need no longer be 
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concerned that supplemental oxygen, as used in this study, 
will exacerbate active prethreshold ROP.”

In summary, anesthesiologists should take practical 
precautions to protect an infant’s retinas from hyperoxia 
without unnecessarily endangering the infant. No com-
prehensive epidemiologic studies have yet examined anes-
thetic risk factors, but, given the many cofactors that are 
associated with this entity, it appears that anesthesia man-
agement, although very important, is a small piece of this 
puzzle. During anesthesia, the goal should be to deliver 
the minimum inspired oxygen concentration that pro-
vides oxygen saturations between 90% and 94% and 
avoid significant fluctuations in oxygen saturations.

KEY FACTS

• ROP is a postnatal disorder of the retinal vessels that 
develops only in the incompletely vascularized retinas of 
premature infants.

• Extreme prematurity and low birth weight are the 
strongest predictors of ROP. ROP occurs in 60% of 
ELBW infants.

• ROP is a multifactorial disease, and hyperoxia is just one 
of the several other etiological factors.

• Anesthesiologists should take practical precautions 
to protect an infant’s retinas from hyperoxia without 
unnecessarily endangering the infant. Saturations should 
be maintained between 90% and 94% at the minimum.
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9. ANSWER: B

ROP is a postnatal disorder of the retinal vessels that 
develops only in the incompletely vascularized retinas 

of premature infants. Extreme prematurity and low birth 
weight are the strongest predictors of ROP. The immature 
retina responds to elevated oxygen tension (or another 
insult) by arrest of normal vasculogenesis and later by neo-
vascularization and fibrous-tissue formation in the retina 
and vitreous humor. Retinal tears and detachment may 
occur secondary to contraction of the vitreous humor. 
Normal vasculogenesis takes place between 16 and 44 
weeks. The risk of developing ROP in infants older than 44 
weeks post conceptual age is negligible. Therefore, there is 
no need to limit oxygen saturation in the 90%–94% range 
in this patient.

Dexamethasone is an effective antiemetic that exerts 
its effect through central inhibition of the nucleus tractus 
solitarii and not via the area postrema. Dexamathasone has 
potent anti-inflammatory and immunosuppressant effects. 
Dexamethasone has no role in the treatment or prevention 
of ROP.

KEY FACTS

• Normal vasculogenesis takes place between 16 and 
44 weeks.

• The risk of developing ROP in infants older than 44 
weeks post conceptual age is negligible.

• Dexamethasone has no role in the treatment or 
prevention of ROP.
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10. ANSWER: B

Latanoprost is a prostaglandin F2 analogue that increases 
aqueous humor outflow and decreases IOP. Side effects are 
minimal and usually limited to ocular side effects.

Timolol is a nonselective beta-antagonist that reduces 
IOP by decreasing aqueous humor production through 
blockage of beta receptors on the ciliary epithelium. Side 
effects include bronchospasm, bradycardia, hypotension, 
and apnea in neonates.

Pilocarpine is a parasympathomimetic agent that is 
used for the treatment of open-angle glaucoma. It acts on 
muscarinic receptors on the iris sphincter muscle, causing 
the muscle to contract and engage in miosis. Pilocarpine 
also stimulates the ciliary muscle to contract, which opens 
the trabecular meshwork. A combination of miosis and loss 
of accommodation facilitates drainage of aqueous humor, 
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hence decreasing IOP. Side effects include gastrointestinal 
disturbance, diaphoresis, and brow pain.

Acetazolamide is a carbonic anhydrase inhibitor that 
reduces formation of aqueous humor. Side effects include 
acidosis, hypokalemia, hyponatremia, and allergic reac-
tions. See Table 17.1.
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11. ANSWER: A

Echothiophate is a long-acting anticholinesterase agent 
(cholinesterase inhibitor) used for the treatment of 
open-angle glaucoma. It enhances activity of endogenous 
acetylcholine, which leads to continuous stimulation of the 
iris sphincter producing miosis. It also stimulates the cili-
ary muscle to continuously contract, which opens the tra-
becular meshwork at the irido-corneal angle and facilitates 
outflow of aqueous humor. Miosis along with improved 
drainage of aqueous humor helps reduce IOP. The drug 
invariably gets absorbed systemically and irreversibly binds 
with plasma cholinesterase. Low levels of cholinesterase 
can result in systemic parasympathomimetic side effects 
such as bradycardia, bronchospasm, diarrhea, and flushing. 
Drugs like succinylcholine, mivacurium, and ester local 
anesthetics may have prolonged effects due to the deficiency 
of cholinesterase in the system. Cholinesterase activity may 

remain inhibited for up to 6 weeks after discontinuation of 
ophthalmic echothiophate. Toxicity from echothiophate 
may be antagonized by administration of pralidoxime 
(2-PAM), 25 mg/kg intravenously.

Latanoprost is a prostaglandin F2 analogue that 
increases aqueous humor outflow, whereby decreasing IOP. 
Side effects are minimal and usually limited to ocular side 
effects. Latanoprost does not affect plasma cholinesterase.

Tropicamide is a short-acting muscarinic antagonist 
used to dilate the pupil. It rarely produces atropine-like sys-
temic effects and does not affect plasma cholinesterase.

Dorzolamide is a topical carbonic anhydrase inhibi-
tor that reduces the production of aqueous humor. 
Dorzalolamide has no effect on plasma cholinesterase 
activity.
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12. ANSWER: A

Stimulation of alpha-1 sympathetic receptors on the 
iris leads to contraction of the radial muscle, which results 
in mydriasis. The most commonly used topical mydriatic 
agent in clinical practice is phenylephrine. Phenylephrine 
is an alpha-1 receptor agonist that rapidly produces vaso-
constriction and mydriasis when topically applied to the 
eye. System side effects are uncommon, but if absorbed in 

Table 17.1 PharMacology: glaucoMa MedIcatIons

MECHANISM DRUG SIDE EFFECTS

cholinergic agonist Pilocarpine gastrointestinal disturbance, diaphoresis, and brow pain

cholinesterase inhibitor echothiophate Bradycardia, hypotension, nausea, vomiting, diarrhea, 
weakness, inhibition of plasmacholinesterase

sympathomimetic agents apraclonidine (α2)
Brimonidine (β2)

does not cross blood-brain barrier (BBB)
crosses BBB—apnea, bradycardia, hypotension, 
hypothermia, somnolence

α- and β-adrenergic antagonists Betaxolol (β1-selective),  
carteolol (β), levobunolol (β),  
Metoprolol (β), timolol (β)

Bradycardia, hypotension
Nonselective β-antagonists—may cause bronchospasm, apnea 
in neonates

Prostaglandin f2 analogues latanoprost, Bimatoprost, travoprost Minimal, limited to ocular side effects usually

competitive inhibitors of 
carbonic anhydrase

acetazolamide—systemic
dorzolamide, Brinzolamide

acidosis, hypokalemia, hyponatremia, nausea, vomiting and 
taste alterations
ocular stinging, burning, itching and bitter taste

Inert sugar Mannitol transient hypervolemia, followed by hypovolemia and 
potential hypotension
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sufficient quantities, it may lead to systemic alpha adrener-
gic effects, such as hypertension and reflex atropine-sensitive 
bradycardia.

Beta receptors in the eye are largely of beta-2 subtype. 
They are present in the ciliary muscle but absent in the 
iris. Beta stimulation has no effect on pupillary diameter. 
Blocking the beta receptors on the ciliary epithelium with 
drugs such as timolol results in a decrease in the produc-
tion of aqueous humor and hence IOP. How beta blockade 
leads to decreased aqueous production and reduced IOP is 
uncertain.

Parasympathetic cholinergic receptors are present 
on the iris sphincter and the ciliary muscle. Stimulation of 
these cholinergic receptors results in miosis and contrac-
tion of the ciliary muscle. Contraction of the ciliary muscle 
opens the trabecular meshwork and facilitates drainage of 
the aqueous humor, hence decreasing IOP. See Table 17.2.
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13. ANSWER: C

With the relatively noncompliant globe, any pharmacologic 
or metabolic process that increases choroidal blood volume 
(CBV) will increase IOP. Hypercarbia, coughing, and 
increase in central venous pressures all lead to choroi-
dal congestion and resultant increase in IOP. Although 
well tolerated in the healthy eye, this congestion may lead 
to extrusion of contents if the globe is ruptured. The anes-
thesiologist should carefully control the child’s physiology 
during induction and maintenance of anesthesia in order to 
minimize changes in IOP.

The arterial circulation of the eye is autoregulated. Only 
marked deviations in systemic arterial pressures affect 
IOP. Elevated venous pressures, on the other hand, can 

dramatically increase IOP, primarily by augmenting the 
choroidal blood volume and tension of the orbit.

A linear relationship exists between IOP and increas-
ing CO

2
 partial pressures. Hypocarbia decreases IOP 

through vasoconstriction of the choroidal blood vessels and 
decreases formation of aqueous humor through reduced 
carbonic anhydrase activity. The increased IOP associated 
with hypoventilation and hypercarbia can increase IOP by 
its vasodilatory effect of choroidal blood vessels. Metabolic 
acidosis will result in a compensatory respiratory alkalo-
sis and decrease IOP. Metabolic alkalosis will theoretically 
have an opposite effect.

Hyperoxia is associated with profound choroidal vaso-
constriction and a reduction in IOP, whereas hypoxia is 
capable of increasing IOP by dilating intraocular vessels. 
See Table 17.3.
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14. ANSWER: A

The retrobulbar or intraconal block was first described in 
1884. The block involves injection of local anesthetic into 
the posterior cone of the extraocular muscles and is effective 
in producing anesthesia and akinesia by blocking the cili-
ary ganglion and the oculomotor and abducens nerves. The 
retrobulbar technique is infrequently used in the pediatric 
population. Complications of the retrobulbar block include 
oculocardiac reflex (OCR), retrobulbar hemorrhage, pen-
etration of the optic nerve, intravascular injection, and 
brainstem anesthesia.

Table 17.2 autonoMIc ocular PhysIology

R ECEPTOR EFFECT

α1-stimulation Mydriasis

β-stimulation (largely of beta-2 subtype) no effect on papillary  
diameter

cholinergic stimulation Miosis

Table 17.3 effect of acId-Base IMBalance 
on Intraocular Pressure (IoP)

INCR EASED IOP DECR EASED IOP

Increased central venous pressure 
(trendelenburg position, coughing, 
valsalva maneuver, straining, increased 
intrathoracic pressure)

respiratory acidosis respiratory alkalosis

Metabolic alkalosis Metabolic acidosis

hypoxia hyperoxia
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The peribulbar or periconal block has been used 
increasingly since it was first described in 1986. Because the 
cone of the extraocular muscles is not entered, the potential 
for intraocular and intradural injection is minimized, and 
the risk of retrobulbar hemorrhage and direct nerve injury 
is virtually eliminated. Disadvantages of the peribulbar 
block include a slightly higher failure rate (10% incidence) 
and an increased forward pressure on the globe secondary 
to the larger volumes of local anesthetic required.

The sub-Tenon’s block was first reported in adults in 
1992 as a blunt-needle alternative to the sharp needle per-
ibulbar or retrobulbar blocks. Tenon’s capsule is a fascial 
sheath that envelops the eyeball and separates it from the 
orbital fat. The inner surface is separated from the outer 
surface of the sclera by a potential space called the episcleral 
or sub-Tenon’s space. The advantages include relatively 
painless insertion of the block and the ability to use a blunt 
needle with less opportunity to inject into the unwanted 
areas of the eye. This block is associated with a higher inci-
dence of chemosis and subconjunctival hemorrhage.

The infraorbital block provides regional anesthesia to 
the lower eyelid, upper lip, and part of the nasal vestibule. It 
can be used for analgesia for cleft lip repair and facial lacera-
tions. See Table 17.4.
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15. ANSWER: A

Congenital nasolacrimal duct obstruction is present in 
60% to 70% of all infants at birth; spontaneous resolution 
is observed in 96% of these infants by 1 year of age.

Congenital obstructions are most often isolated 
findings, but they may be associated with a variety of 

syndromes and craniofacial defects (e.g., Goldenhar 
syndrome).

The initial surgical management of congenital 
obstruction usually requires only simple probing to estab-
lish patency. A  small Bowman probe is inserted through 
one or both of the puncti, through the lacrimal sac, and 
subsequently into the nasolacrimal duct to pierce the valve 
of Hasner beneath the inferior turbinate. The procedure is 
often atraumatic, requires no more than 5 to 10 minutes, 
and has been performed successfully in the office setting in 
children younger than 6  months of age. In the operating 
room, the procedure is usually performed under general 
anesthesia. Analgesic requirements after nasolacrimal 
probing and irrigation are minimal; thus, large doses of opi-
oids should be avoided.

Irrigation of the lacrimal system may result in 
excessive pooling and possible laryngospasm, and aspira-
tion. Techniques to prevent such possible risks include 
head-down positioning, careful suctioning through the 
ipsilateral naris or oropharynx, and considering a laryngeal 
mask airway or intubation for optimal protection of the 
airway.

KEY FACTS

• Congenital nasolacrimal duct obstruction is present 
in 60% to 70% of all infants at birth; spontaneous 
resolution is observed in over 96% of these infants by 
1 year of age. No treatment is necessary in the majority 
of cases.

• Congenital nasolacrimal duct obstructions are most 
often isolated findings but may be associated with a 
variety of syndromes and craniofacial defects.

• Tear duct probing is often atraumatic; it usually requires 
no more than 5 to 10 minutes. Analgesic requirements 
after nasolacrimal probing and irrigation are negligible.

• Irrigation of the lacrimal system may result in excessive 
pooling, possible laryngospasm, and aspiration. 
Consider laryngeal mask airway placement or intubation 
for optimal airway protection.
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16. ANSWER: A

Ocular trauma in childhood is common and may cause 
transient or permanent visual impairment. A  ruptured 
globe from blunt or penetrating injury risks the poten-
tial loss of vitreous humor, which may cause permanent 

Table 17.4 local and regIonal anesthesIa 
for ocular surgery

R EGIONAL BLOCK SIDE EFFECTS

retrobulbar ocr, retrobulbar hemorrhage, 
penetration of the optic nerve, 
intravascular injection, and brainstem 
anesthesia

Peribulbar large local anesthetic volume 
requirements can increase forward 
pressure on the globe.

higher failure rate (up to 10%)

sub-tenon’s chemosis and subconjunctival hemorrhage

 

 

 

 

 

 



474  •   clInIcal suBsPecIaltIes

blindness. Any increases in IOP during induction of anes-
thesia have a potential to exacerbate the loss of the vitreous 
and extrude globe contents.

The goal of management of a patient with an open globe 
injury and full stomach is to prevent increases in IOP and 
to prevent aspiration.

The importance of maintaining a quiet environment 
in the preoperative period cannot be overemphasized. 
Judicious premedication is warranted to reduce crying, 
coughing, and anxiety-induced vomiting.

A modified rapid sequence induction technique with 
propofol and rocuronium would have been the method 
of choice if this patient had a working IV. The decision 
on whether to use succinylcholine in open globe surgeries 
remains controversial. Succinylcholine increases IOP by 
6–10 mm Hg. The effect is immediate within a minute of 
injection and peaks in 4–6 minutes. The effect is gone by 
10 minutes. In a study by Libonati et al., no loss of globe 
contents occurred in a series of 63 patients who received 
succinylcholine. If the risk of aspiration is considered high, 
succinylcholine may be used. It is better to avoid aspira-
tion by using succinylcholine than to have aspiration occur 
and have subsequent increases in IOP from hypoxia and 
hypercarbia. Several investigators have found that pre-
treatment with a nondepolarizing agent (one tenth the 
usual intubating dose) attenuates the increase in IOP from 
succinylcholine.

In this patient, inhalation induction with sevoflu-
rane is a reasonable approach. Attempting peripheral IV 
placement in an irritable child will only result in more cry-
ing and straining and consequent acute increase in IOP to 
30–40 mm Hg. This can be dangerous and result in vitre-
ous contents being extruded. Obviously inhalation induc-
tion is not completely safe and aspiration remains a risk.

Ketamine is a phencyclidine derivative and NMDA 
receptor antagonist that results in a dissociative state of 
anesthesia. It is very lipid soluble and shows excellent bio-
availability after intravenous and intramuscular injection. 
In patients with ruptured globe, ketamine is not a preferred 
agent since it has a potential to increase the IOP by as much 
as 30%.
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17. ANSWER: B

Strabismus repair is the most commonly performed eye 
surgery in children.

The Forced Duction Test (FDT) is routinely performed 
at the beginning of strabismus surgery to determine if there 
is evidence of mechanical restriction to ocular mobility. It 
helps the surgeon to differentiate a paretic muscle from a 
mechanical restriction that may be limiting motility. The 
eyes should be immobile during FDT. If succinylcholine 
was used as in this patient, at least 20 minutes should have 
passed before performing duction testing. Succinylcholine 
produces sustained contraction of extraocular muscles 
that interferes with an accurate interpretation of the forced 
duction test. The extraocular muscles are the group of six 
muscles that control movement of the eyeball.

Nondepolarizing muscle relaxants like rocuronium 
and vecuronium do not interfere with the interpretation 
and accuracy of forced duction testing. Similarly volatile 
inhalation agents and opioids have no effect on FDT.

KEY FACTS

• FDT is performed at the start of strabismus surgery to 
determine whether the restriction to ocular mobility is 
due to muscle paresis or mechanical restriction.

• The surgeon should be notified if succinylcholine was 
used during induction. It is advisable to wait for at least 
20 minutes before a FDT is performed. Succinylcholine 
produces sustained contraction of the extraocular 
muscles and may interfere with the accuracy of the test 
results.

• Volatile agents, nondepolarizing muscle relaxants, and 
opioids have no effect on FDT.
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18.
ORTHOPEDIC SURGERY

Solmaz P. Manuel, Christine L. Mai, and Robert Brustowicz

1. A 4-year-old boy with a family history suspicious for 
Duchenne muscular dystrophy is scheduled for emer-
gent femur fracture repair. He arrives to the operating 
room with a respiratory rate of 22 breaths/min and is 
crying in pain. His mother reports a normal neonatal 
course, no known medical issues since birth, and no 
known drug allergies. His last full meal was 3 hours 
ago. The most appropriate anesthetic management 
would be:

A. Induction with IM ketamine, glycopyrrolate, and 
succinylcholine with cricoid pressure followed by 
immediate intubation

B. Inhalation induction with sevoflurane and cricoid 
pressure

C. Awake IV catheter placement, followed by rapid 
sequence intravenous induction with propofol and 
remifentanil

D. Awake fiberoptic intubation

2. A 5-year-old boy with osteogenesis imperfecta pres-
ents for an open reduction and internal fixation (ORIF) 
of his radius. Which of the following is a commonly 
seen clinical feature of osteogenesis imperfecta?

A. Pectus excavatum
B. Conductive hearing loss
C. Flat feet
D. Cleft palate

3. A  6-year-old girl with neurofibromatosis type 1 
(NF1) is scheduled for closed reduction and percutane-
ous pinning of an elbow fracture. She appears anxious 
and is treated with oral midazolam. She has a history 
of a viral illness with a cough 4 weeks before surgery 
that has resolved. During induction with sevoflurane, 
nitrous oxide, and oxygen she develops hypertension 
with systolic blood pressure of 220  mm Hg. The most 
likely explanation for this finding is:

A. Laryngospasm
B. Paradoxical reaction to midazolam
C. Pheochromocytoma
D. Inappropriately large blood pressure cuff

4. A  14-year-old boy with Klippel-Feil syndrome 
presents for posterior spinal fusion due to scoliosis. 
Preoperative assessment of Klippel-Feil patients should 
include screening for:

A. AV malformations
B. Hepatic anomalies
C. Congenital heart abnormalities
D. Reactive airway disease

5. A  tall, thin 10-year-old boy presents for an 
anterior-posterior spinal fusion from T4-L2 levels. 
You detect a murmur on physical exam. Preoperative 
testing for this patient should include which of the 
following?

A. Chemistry panel
B. Coagulation studies
C. Echocardiogram
D. Exercise stress test

6. An 8-year-old child with spastic cerebral palsy is 
scheduled to undergo muscle contracture release under 
general anesthesia. An appropriate anesthetic plan 
would include:

A. Premedication with oral midazolam
B. Use of half normal dose of neuromuscular 

blocking drug
C. Avoidance of succinylcholine
D. Increased dose propofol

The next three questions refer to treatment or 
management of a single patient.

  

   

 

 

 

 

 



476  •   clInIcal suBsPecIaltIes

7. You see a 14-year-old boy in preoperative clinic who 
was recently diagnosed with osteosarcoma following 
the workup of a nonhealing basketball injury. The pri-
mary tumor is believed to originate in the right femur 
with metastatic disease discovered in the ipsilateral 
pelvis. He complains of significant pain and inability 
to bear weight on his right lower extremity. A chemo-
therapy regimen of doxorubicin, cisplatin, and metho-
trexate has been initiated, and he is scheduled for right 
radical en bloc resection of the tumor. Which of the fol-
lowing interventions would be most effective for pain 
control management in this patient?

A. Discontinuing the use of any opioids during the 
preoperative period

B. The addition of methadone preoperatively
C. High-dose ketamine intraoperatively
D. A postoperative regimen that should be strictly 

controlled and titrated by the anesthesia team

8. In regard to the patient in question 7, which of the 
following possible adverse effects are correctly paired 
with the culprit chemotherapeutic agent?

A. Cisplatin—nephrotoxicity, 
Doxorubicin—cardiomyopathy, 
Methotrexate—myelosuppression

B. Cisplatin—hemorrhagic cystitis, 
Doxorubicin—cardiomyopathy, 
Methotrexate—myelosuppression

C. Cisplatin—nephrotoxicity, 
Doxorubicin—pulmonary fibrosis, 
Methotrexate—myelosuppression

D. Cisplatin—hemorrhagic cystitis, 
Doxorubicin—pulmonary fibrosis, 
Methotrexate—diarrhea

9. In regard to the patient in question 7, which of the fol-
lowing strategies will most effectively minimize intra-
operative blood loss?

A. Tumor embolization 2 weeks prior to surgery
B. Preoperative autologous blood donation 2 weeks 

prior to surgery
C. Cell salvage available intraoperatively
D. Tranexamic acid infusion intraoperatively

10. A 5-year-old boy with dystrophic epidermolysis bul-
losa (EB) presents for contracture release of hands bilat-
erally. Anesthetic considerations in patients with EB 
should include:

A. Consider preoperative treatment with corticosteroids.
B. Securely tape peripheral intravenous catheter (PIV) 

in place.

C. Esophageal stethoscope may replace 
electrocardiogram (ECG) monitoring.

D. Insert nasogastric (NG) tube to reduce risk of 
aspiration.

11. A 5-year-old child with a history of a myelomenin-
gocele defect corrected at birth, hydrocephalus with a 
ventriculoperitoneal shunt, and neurogenic bladder 
requiring regular home catheterization is scheduled to 
undergo orthopedic correction of clubfeet. Anesthetic 
considerations should include:

A. Maintenance of a strict latex-free operating room
B. Use of ketorolac for multimodal pain management
C. Avoidance of succinylcholine
D. Fast-track postanesthesia care unit (PACU) stay

12. Spinal surgery is associated with a small incidence 
of neurological impairment. Which of the follow-
ing groups has the greatest potential for neurologic 
complications?

A. Thoracic scoliosis
B. Mesenchymal scoliosis
C. Congenital scoliosis
D. Infantile scoliosis

13. During a long spinal fusion the somatosensory 
evoked potentials (SSEPs) and motor evoked poten-
tials were questionable, and the orthopedic surgeon is 
anxious to further assess her patient’s neurologic func-
tion. You suggest that she consider the ankle-clonus 
test. Which of the following is true about the 
ankle-clonus test?

A. This is a type of real-time monitoring.
B. It can be performed at any point during the anesthetic.
C. It has a reported sensitivity of 100%.
D. The usefulness of the test is limited to children of an 

appropriate developmental age.

14. You are taking care of a 17-year-old patient with 
idiopathic scoliosis and a 70-degree thoracic curve pre-
senting for a posterior spinal fusion. The surgeon is con-
cerned about how the surgery will affect the patient’s 
pulmonary functions, specifically the FVC and FEV1. 
You advise him that these values will:

A. Decrease with a nadir on POD 1 and will be about 
80% of preoperative values 7 to 10 days after surgery

B. Decrease with a nadir on POD 3 and will be about 
60% of preoperative values 7 to 10 days after surgery

C. Decrease but only with an anterior approach and 
will be about 80% of preoperative values 7 to 10 days 
after surgery
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D. Decrease with a nadir on POD 1 and will be around 
60% of preoperative values 7 to 10 days after surgery

15. Following a bilateral clubfoot repair done with tour-
niquets, both tourniquets are released at the same time. 
Which of the physiologic changes are you most likely 
to see?

A. A decrease in heart rate
B. An increase in blood pressure
C. Ventilatory minute volume that remains unchanged 

in spontaneously breathing patients
D. A decrease in the core body temperature

16. You are supervising a CRNA anesthetize a 
12-year-old male for a radial fracture. The tourniquet 
has been up for 2 hours, and the surgeon says she needs 
30 more minutes to complete the surgery. The CRNA 
calls you into the room because the surgeon wants to 
keep the tourniquet up during this time and the CRNA 
wants it deflated for 10 minutes before reinflating to 
complete the procedure. What do you tell the surgeon?

A. Keep on closing since the tourniquet pain will go 
away when the tourniquet goes down.

B. Deflate the tourniquet for 10 minutes as 
recommended because of concern about vascular 
damage to the limb.

C. Deflate the tourniquet for 10 minutes as 
recommended because of concern about nerve 
damage from direct compression.

D. Keep on closing since short periods of ischemia 
followed by reperfusion make the muscle tissue more 
susceptible to injury.

17. A Jehovah’s Witness patient is being success-
fully managed using a normovolemic hemodilution 
techniquefor a femur fracture repair. Which of the 
following physiologic conditions contributes to the 
continued adequate oxygen delivery during this 
procedure?

A. Improved blood rheology
B. Increased heart rate resulting in an increased 

cardiac output
C. Shift to the left of the oxygen-hemoglobin 

dissociation curve
D. Normothermia

18. A 10-year-old girl with Down syndrome is scheduled 
to receive general anesthesia for cervical spine fusion. 
Which of the following is most likely to complicate the 
airway management of this patient?

A. High-arched palate
B. Protruding upper incisors
C. Atlanto-axial instability
D. Increased muscle rigidity

19. A 5-month-old girl with Down syndrome is sched-
uled for a spica cast placement under anesthesia. 
Echocardiographic examinations in infants with Down 
syndrome most commonly show:

A. Atrioventricular septal defect
B. Patent ductus arteriosus
C. Aortic stenosis
D. Ventricular septal defect
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chaPter 18 ansWers

1.  A N S W E R :  C

Duchenne muscular dystrophy (DMD) is an X-linked 
recessive myopathy associated with mutation of the dystro-
phin gene, resulting in nonfunctional dystrophin protein. 
This disorder is the most common of the progressive mus-
cular dystrophies with an incidence of 3:10,000 births. 
Muscle fiber degeneration is the primary pathologic process 
in this disease. Children with DMD are often undiagnosed 
until initial symptoms of symmetric proximal skeletal 
muscle weakness show up at the age of 3 to 5 years. Patients 
often present with hip girdle weakness, waddling gait, dis-
tal calf muscle hypertrophy, and lumbar lordosis.

As the disease progresses, scoliosis may develop and 
skeletal muscle atrophy predisposes to long bone frac-
tures. Scoliosis, in combination with progressive pulmo-
nary weakness, can lead to impaired respiratory function. 
Difficulty swallowing due to pharyngeal involvement 
can make patients susceptible to frequent pneumonia. 
In advance stages, cardiomyopathy and arrhythmias 
may occur. Perioperative cardiac evaluation is highly 
recommended.

Patients with DMD and other muscular dystrophies 
often require surgery for diagnostic muscle biopsy, scoliosis 
correction, and release of contractures. Choice of anesthetic 
agents is important for DMD patients. Succinylcholine is 
contraindicated because of increased risk of rhabdomyoly-
sis, hyperkalemia, arrhythmias, and cardiac arrest. There is 
no clear link between DMD and malignant hyperthermia; 
however, it is highly recommended to avoid potent inhala-
tional agents in young children with DMD because it can 
trigger rhabdomyolysis and hyperkalemia.

Propofol has been used successfully, but higher than 
expected doses may be required for induction. Narcotics 
are also relatively safe to use; however, consider avoiding 
long-acting opioids to optimize postoperative ventilation.

Nondepolarizing muscle blockade agents can be 
used, but they often have a slow onset and prolonged dura-
tion of action in muscular dystrophy patients. Postoperative 
pulmonary complications have been associated with the use 
of long-acting neuromuscular blockers, requiring postoper-
ative mechanical ventilation. Monitoring with a peripheral 
nerve stimulator is recommended with the use of nondepo-
larizing agents.

Awake fiberoptic intubation would unnecessarily cause 
distress and increase risk for aspiration in this child.

K E Y FAC T S

• Children with DMD are often undiagnosed until 
initial symptoms of symmetric proximal skeletal muscle 
weakness show up at the age of 3 to 5 years.

• In advance stages of the disease, scoliosis can lead to 
respiratory impairments, muscle atrophy can lead to 
fractures and difficulty swallowing, and cardiomyopathy 
and arrhythmias may occur.

• Succinylcholine is contraindicated and inhalational 
agents should be avoided.
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2 .  A N S W E R :  B

Osteogenesis imperfecta (OI) is genotypical and pheno-
typical heterogenous group of rare inherited connective tis-
sue disorders involving defective type I collagen production. 
The disorder manifests in weakness and defective growth of 
tissues dependent on type I collagen for structure, mainly 
bone, dentin, sclerae, and ligaments. Classification (types 
I–IV) is based on the nature of the fractures and clinical, 
genetic, and radiologic findings. Type I  is the most com-
mon (1:30,000 live births), and along with Type IV are 
autosomal dominant inheritance patterns. Type II and III 
forms have autosomal recessive inheritance patterns. These 
patients have the classic triad of blue sclerae, multiple 
fractures, and conductive hearing loss. Severely affected 
OI patients suffer multiple fractures with minimal trauma, 
and infants with Type IV osteogenesis imperfect tend to die 
in the perinatal period. Very mild forms of Type IV osteo-
genesis imperfecta may be manifested by only premature 
osteoporosis. Type I osteogenesis imperfecta may have aor-
tic root dilation, aortic insufficiency, and mitral valve 
prolapse. Rarely, cor pulmonale from severe kyphoscolio-
sis can occur.

Bone fragility is the hallmark clinical feature of OI. 
There are risks of fracture from malpositioning, tourni-
quet application, and airway handling. Spinal defor-
mity, most often kyphoscoliosis, develops with age due to 
decreased ligamentous stability, compression fractures, 
osteoporosis, and spondylolisthesis. The teeth are mal-
formed and fracture easily. OI is not associated with 
increased incidence of cleft palate.

K E Y FAC T S

• OI is a rare inherited connective tissue disorder 
involving defective type I collagen production. The 
disorder manifests in weakness and defective growth of 
bone, dentin, sclerae, and ligaments.
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• These patients have the classic triad of blue sclerae, 
multiple fractures, and conductive hearing loss.

• These patients may have aortic root dilation, aortic 
insufficiency, mitral valve prolapse, and core pulmonale.
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3 .  A N S W E R :  C

Neurofibromatoses are genetic disorders of the nervous 
system primarily affecting the development and growth 
of neural tissues, resulting in subsequent growth of neu-
ral tumors. The neurofibromatoses are divided into type 
I (peripheral or von Recklinghausen) and type II (central or 
bilateral acoustic neurofibromatosis). NF1 is much more 
common and accounts for 90% of all neurofibromatoses.

The clinical features of NF1 are diverse and the sever-
ity of clinical manifestations varies greatly between patients 
and over time. There are many important anesthetic issues 
to consider. All NF1 patients should be screened for hyper-
tension before surgery. Common causes include renal 
artery stenosis, catecholamine-secreting nodular plexiform 
neurofibroma, or pheochromocytoma (found in up to 1% 
of NF1 patients). All patients with NF1 should be ques-
tioned for the presence of intermittent headaches, anxiety 
attacks, palpitations, and night sweats, which are common 
for pheochromocytoma. If pheochromocytomas go unrec-
ognized, severe hypertension can occur during anesthesia.

Intracranial tumors occur in 5% to 10% of NF1 patients 
and signs and symptoms of intracranial hypertension may 
develop. Therefore, all patients must be evaluated for undi-
agnosed central nervous system (CNS) tumors and 
increased intracranial pressure. Patients should also be 
assessed for the presence of epilepsy.

A thorough airway exam is highly recommended. 
Intraoral, laryngeal, and pharyngeal neurofibromas may 
lead to airway distortion, obstruction, or dyspnea. 
Involvement of the recurrent laryngeal nerve can result in 
unilateral vocal cord paralysis. Cranial nerve involvement 
from the large intracranial tumors found in neurofibro-
matosis can lead to impairment and loss of effective gag 
reflex and swallowing mechanisms. Patients with neuro-
fibromas involving the cervical spine should be evaluated 
for cervical instability.

Pulmonary function should be evaluated for the pres-
ence of restrictive lung disease, which can be caused by 
kyphoscoliosis, intrapulmonary neurofibromas, and 
progressive pulmonary fibrosis associated with NF1. An 

echocardiogram and cardiac evaluation are recommended 
to assess for cardiac neurofibromas. Aside from pheo-
chromocytoma, NF1 is associated with other tumors such 
as neuroblastomas, leukemia, sarcomas, and Wilms tumor. 
Neurofibromas can be highly vascular and patients can have 
extensive bleeding from removal of these tumors.

K E Y FAC T S

• Neurofibromatoses are divided into type I (peripheral 
or von Recklinghausen) and type II (central or bilateral 
acoustic neurofibromatosis). NF1 is much more common 
and accounts for 90% of all neurofibromatoses.

• All NF1 patients should be screened for hypertension 
before surgery, because it is often caused by renal artery 
stenosis, catecholamine-secreting nodular plexiform 
neurofibroma, or pheochromocytoma (found in up to 
1% of NF1 patients).

• All patients should be evaluated for possible increased 
intracranial pressure and cranial nerve involvement from 
CNS tumors; airway issues from intraoral, laryngeal, 
and pharyngeal neurofibromas; and cervical instability, 
cardiac neurofibromas, and restrictive lung disease from 
kyphoscoliosis.
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4 .  A N S W E R :  C

Klippel-Feil syndrome is a rare disease characterized by 
the congenital fusion of two or more cervical vertebrae. 
Those with the syndrome have a short neck with limited 
mobility of the cervical spine. It is very common for these 
patients to have an anatomically difficult airway, and 
they have increased susceptibility to cervical spine injury 
and subsequent neurologic deficit. Klippel-Feil syndrome 
has a very heterogenous presentation with numerous asso-
ciated abnormalities. It is unclear whether Klippel-Feil 
syndrome is a single unique disease with common genetic 
etiology, or if it is a phenotypic presentation of a heteroge-
neous group of congenital spinal deformities. Associated 
abnormalities may also include congenital scoliosis (55%), 
renal anomalies (33%), spina bifida, cleft palate, cardiac 
malformations (most often ventricular septal defect), 
short stature, restrictive respiratory disease, congenital 
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elevation of scapula, hearing impairment, and posterior 
fossa dermoid cysts.

Preoperative assessment in Klippel-Feil patients should 
include a thorough evaluation of degree of cervical insta-
bility present, any preexisting neurologic impairment, and 
airway evaluation. These patients can have a difficult air-
way with micrognathia. Cervical fusion and anatomic 
abnormalities become worse with time; therefore, a previ-
ous uneventful anesthetic history does not guarantee 
an uncomplicated airway. Lateral and anteroposterior 
flexion-extension cervical spine radiographs are recom-
mended. Cervical magnetic resonance imaging (MRI) is 
indicated to assess the degree of neurologic involvement, 
such as cord compression and myelopathy.

Preoperatively the anesthesiology team should also 
consider presence of congenital heart defects and cardiac 
conduction abnormalities. Preoperative ECG and echocar-
diography are indicated. Pulmonary function should be 
assessed, which could be severely compromised in patients 
with chest deformities and advanced scoliosis. Consider 
chest radiography and pulmonary function tests. Patients 
with Klippel-Feil syndrome should also be screened for 
kidney anomalies and renal failure.

K E Y FAC T S

• Klippel-Feil syndrome is characterized by the congenital 
fusion of two or more cervical vertebrae, causing limited 
mobility of the cervical spine.

• Preoperative assessment should include a thorough 
evaluation of degree of cervical instability present, 
preexisting neurologic impairment, congenital heart 
defects, pulmonary function, and renal anomalies.
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5 .  A N S W E R :  C

Marfan syndrome is an autosomal dominant connec-
tive tissue disorder caused by mutations in the FBN1 
gene, which encodes the connective protein fibrillin-1. 
Connective tissue in Marfan patients has decreased ten-
sile strength and elasticity. The range of expression can 
be from mild to severe, with defects of the skeletal system, 
ocular system, and cardiovascular system posing the most 
significant threats.

Patients with Marfan syndrome are tall, with long, thin 
extremities and fingers (arachnodactyly). Joint ligaments are 
loose, resulting in frequent dislocations. Kyphoscoliosis 
and pectus excavatum can lead to restrictive pulmonary 
disease. These patients tend to also develop pneumotho-
races, especially under anesthesia if they are subjected to 
positive-pressure ventilation. Ocular manifestations of 
Marfan’s syndrome include severe myopia, spontaneous 
retinal detachments, displaced lenses, and glaucoma.

Aortic root disease, leading to aneurysmal dilatation, 
aortic regurgitation, and dissection, is the main cause of 
morbidity and mortality in Marfan patients. Dilatation of 
the aorta is found in approximately 50% of children with 
Marfan syndrome.

Young patients you suspect for having Marfan syn-
drome should have a chest radiograph as well as an ECG 
before surgery. The 2010 American College of Cardiology/
American Heart Association/American Association for 
Thoracic Surgery (ACC/AHA/AATS) thoracic aorta 
guidelines recommend echocardiography at initial diag-
nosis, at 6  months, and then at least annually. Marfan 
patients tend to have restrictive lung disease, particularly 
those with scoliosis. Therefore, a pulmonary function test  
is warranted prior to surgery. Besides a complete blood 
count and a type and cross for this type of surgery, a chem-
istry panel adds limited value to the preoperative evalua-
tion of this patient. Coagulation studies are not routinely 
indicated.

K E Y FAC T S

• Patients with Marfan syndrome are tall, with long, 
thin extremities and fingers (arachnodactyly), due to a 
connective tissue disorder caused by mutations in the 
FBN1 gene.

• Disease manifestations include frequent joint 
dislocations, rib cage abnormalities leading to restrictive 
pulmonary disease, spontaneous pneumothoraces 
with positive-pressure ventilation, aortic root dilation/
dissection, and ocular issues such as severe myopia and 
retinal detachment.

• Preoperative workup should include an ECG and 
echocardiogram as well as pulmonary function tests.
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6 .  A N S W E R :  A

Cerebral palsy (CP) describes a heterogeneous group of 
nonprogressive motor impairment syndromes. These con-
ditions range in severity and are due to brain development 
abnormalities due to static encephalopathy as a result of in 
utero or perinatal insults. Clinical features of CP include 
cognitive impairment, vision loss, hearing loss, seizures, and 
communication and behavioral disturbances.

In the operating room, communication difficulties and 
hearing loss may mask true intellect and heighten anxious-
ness. CP patients tend to do well with oral benzodiaze-
pine premedication and having their parents present for 
induction of anesthesia.

Concurrent medications may interact with anesthetics 
used. Specifically, antiepileptics are known to increase 
resistance to NMBDs.

Succinylcholine use is not associated with hyperkalemia 
in CP because the muscles of these patients have not been 
denervated.

Noncommunicative patients with CP require less pro-
pofol to obtain the same bispectral index (BIS) as healthy 
pediatric patients.

K E Y FAC T S

• CP describes a heterogeneous group of nonprogressive 
motor impairment syndromes.

• Patients may benefit from an oral premedication and a 
parent present during induction.

• Succinylcholine use is not associated with hyperkalemia 
in CP because the muscles of these patients have not 
been denervated.
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7.  A N S W E R :  B

Osteosarcoma, the most common primary bone cancer of 
childhood, has an estimated incidence of 4.6 per million 
people in the United States. The majority of these tumors 
occur during the adolescent growth spurt in patients 
between 10 and 19 years of age.

Osteosarcoma is an aggressive neoplasm that exhibits 
osteoblastic differentiation and forms malignant osteoid 
and bone. It originates most frequently in the metaphyseal 
region of tubular long bones, typically involving the femur, 
tibia, or humerus. Initial complaints of pain and swell-
ing are often attributed to athletic injuries. Clinical find-
ings may include limited range of motion, joint effusions, 

tenderness to palpation, and warmth. Elevated alkaline 
phosphatase or lactic dehydrogenase with otherwise 
normal complete blood cell count and chemistry panel are 
found. Radiographs demonstrate a characteristic sunburst 
lesion.

Complete surgical resection is the treatment of choice 
for osteosarcoma, and pain control in the perioperative 
period may be particularly challenging and require a multi-
modal approach.

Patients with osteosarcoma often have significant 
preoperative pain and are already receiving significant 
amounts of opioids to help control it. Opioids should not 
be discontinued, but rather preoperative evaluation should 
include an assessment of the patient’s opioid requirements 
so that an intraoperative and postoperative pain plan appro-
priately considers the increased requirements that will be 
necessary.

The addition of methadone, which possesses both 
opioid mu and NMDA receptor activity, may be helpful. 
Low-dose preoperative methadone (5 mg to 10 mg) followed 
by doses every 8 hours postoperatively has been shown to be 
safe and effective for pain control. Sustained-release opioids 
such as oxycodone SR or a fentanyl patch may be helpful 
but should not be used in opioid-naïve patients.

Opioids alone rarely provide adequate analgesia; the 
addition of agents from other pharmacologic classes is 
frequently beneficial. Useful agents include gabapentin 
and nonsteroidal anti-inflammatory drugs (NSAIDs). 
Ketamine, an NMDA antagonist, in subanesthetic doses 
has been shown to significantly decrease postoperative 
pain, specifically in opioid-tolerant patients. Additionally, 
surgical procedures of the upper and lower extremities 
lend themselves well to neuraxial or regional anesthetic 
procedures.

Osteosarcoma patients can benefit from a multidisci-
plinary approach to their pain management. Anesthesiology, 
surgery, pain specialists, and psychiatry may work together 
to devise a plan that minimizes postoperative discomfort 
and maximizes the patient’s ability to participate in physi-
cal therapy.

K E Y FAC T S

• Osteosarcoma is an aggressive neoplasm that originates 
most frequently in the metaphyseal region of tubular 
long bones, typically involving the femur, tibia, or 
humerus.

• Complete surgical resection is the treatment of choice 
for osteosarcoma, and pain control in the perioperative 
period may be particularly challenging and require a 
multimodal approach.

• Treatment options include methadone, gabapentin, 
NSAIDs, ketamine, and neuraxial/regional nerve 
catheters.
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8 .  A N S W E R :  A

Osteosarcoma, the most common primary bone cancer of 
childhood, has an estimated incidence of 4.6 per million 
people in the United States. The majority of these tumors 
occur during the adolescent growth spurt in patients 
between 10 and 19 years of age.

Osteosarcoma is an aggressive neoplasm that exhibits 
osteoblastic differentiation and forms malignant osteoid 
and bone. It originates most frequently in the metaphyseal 
region of tubular long bones, typically involving the femur, 
tibia, or humerus. Initial complaints of pain and swelling 
are often attributed to athletic injuries. Clinical findings 
may include limited range of motion, joint effusions, ten-
derness to palpation, and warmth. Elevated alkaline phos-
phatase or lactic dehydrogenase with otherwise normal 
complete blood cell count and chemistry panel are found. 
Radiographs demonstrate a characteristic sunburst lesion.

Complete surgical resection is the treatment of choice 
for osteosarcoma. Currently patients are pretreated with 
chemotherapy in an attempt to reduce micrometastatic 
disease and facilitate limb salvage surgery. Agents currently 
used in chemotherapy regimens for osteosarcoma include 
doxorubicin, cisplatin, methotrexate, and ifosfamide (see 
Table 18.1). Although almost 90% of patients are able to 
initially have limb-salvage surgery, frequent complications 
(infection, prosthetic loosening, and nonunion, local tumor 
recurrence) may necessitate further surgery or amputation.

Preoperative evaluation may reveal significant comor-
bidities or adverse effects caused by chemotherapy agents, 
which may have important implications for anesthetic 
management.

Adriamycin (doxorubicin) is associated with cardio-
toxicity and cardiomyopathy. Acute toxicity can arise early 
in treatment (prolonged QT, dysrhythmias, cardiomyopa-
thy) and often reverses with cessation of therapy. Chronic 
toxicity appears as early as the first year of therapy to years 
or decades after therapy has been completed. Risks are 
increased in children versus adults, with larger cumulative 
doses, and in patients who undergo concomitant radiation 
therapy. Preoperative echocardiography may be beneficial 
even in asymptomatic patients.

Cisplatin, high-dose methotrexate, and ifosfamide 
may all cause nephrotoxicity. Leucovorin therapy may be 
helpful with methotrexate-related renal failure.

Bone marrow suppression can occur with all 
cytotoxic drugs.

Pulmonary fibrosis or pneumonitis may occur in 
patients who receive bleomycin chemotherapy. This pul-
monary toxicity may be worsened with high inspired 

Table 18 .1 cheMotheraPeutIc agents and 
theIr PossIBle adverse effects

CHEMOTHER APEUTIC 

AGENT

SIDE EFFECTS

DNA-Altering Drugs

cyclophosphamide hemorrhagic cystitis
Myelosuppression

cisplatin Myelosuppression
nephrotoxicity

Mechlorethamine Myelosuppression
dermatitis

carboplatin Myelosuppression
Peripheral neuropathy
Immune hypersensitivity reaction

Antitumor Antibiotics

doxorubicin Myelosuppression
cardiomyopathy
arrhythmias

Bleomycin Pulmonary fibrosis
Idarubicin Myelosuppression

hepatotoxicity
Antimetabolites

gemcitabine Myelosuppression
Methotrexate hepatotoxicity

ulcerative stomatitis
Myelosuppression

cytarabine Myelosuppression
hyperuricemia

etopiside Myelosuppression
hypotension

Antimitotic Drugs

vincristine Motor weakness
Peripheral neuropathy
hyponatremia

vinblastine Myelosuppression
ulcer/blister formation

Paclitaxel Myelosuppression
Paresthesia

docetaxel Myelosuppression
Monoclonal Antibody

cetuximab skin changes
electrolyte disturbances

Other

gefitinib diarrhea
Interstitial lung disease

Imatinib edema

SOURCE: Reprinted with permission from Anderson MR, Jeng CL, Wittig 
JC, Rosenblatt MA. Anesthesia for patients undergoing orthopedic oncologic 
surgeries. J Clin Anesth. 2010;22(7):565–72.
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oxygen concentrations and excessive fluid administration; 
therefore, it is very important to consider in the anesthetic 
evaluation.
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9.  A N S W E R :  D

Osteosarcoma, the most common primary bone cancer of 
childhood, has an estimated incidence of 4.6 per million 
people in the United States. The majority of these tumors 
occur during the adolescent growth spurt in patients 
between 10 and 19 years of age.

Osteosarcoma is an aggressive neoplasm that exhibits 
osteoblastic differentiation and forms malignant osteoid 
and bone. It originates most frequently in the metaphy-
seal region of tubular long bones, typically involving the 
femur, tibia, or humerus. Initial complaints of pain and 
swelling are often attributed to athletic injuries. Clinical 
findings may include limited range of motion, joint effu-
sions, tenderness to palpation, and warmth. Elevated alka-
line phosphatase or lactic dehydrogenase with otherwise 
normal complete blood cell count and chemistry panel are 
found. Radiographs demonstrate a characteristic sunburst 
lesion.

Complete surgical resection is the treatment of choice 
for osteosarcoma. When planning an anesthetic for patients 
undergoing orthopedic oncologic surgeries, advanced plan-
ning should be done to minimize intraoperative blood loss. 
All tumors are relatively vascular structures and prone to 
bleeding. Because this patient has pelvic metastasis, there 
are particularly at high risk for significant intraoperative 
hemorrhage.

It is reasonable to consider preoperative embolization 
to minimize intraoperative bleeding. The embolization, 
however, would best be performed within 24 hours prior 
to surgery because collateral flow is rapidly reestablished.

Preoperative autologous blood donation (PAD) and 
intraoperative transfusion does not improve long-term 
outcomes over allogenic donor red blood cell transfu-
sions. PAD often exacerbates perioperative anemia 
and increases incidence of intraoperative transfusion. 
Furthermore, autologous transfusions have also been impli-
cated in transfusion-related immunomodulation along 
with allogenic transfusions, and both are associated with 
decreased disease-free survival in cancer patients.

Cell salvage technology should not be used in cancer 
surgery because of the increased risk of spreading malig-
nant cells systemically.

Acute normovolemic hemodilution (ANH) is another 
technique sometimes used to decrease the need for periop-
erative transfusions. At the beginning of a procedure the 
patient is phlebotamized while replacing the removed intra-
vascular volume with crystalloid or colloid. The withdrawn 
blood is returned to the patient later in the procedure, no 
longer than 8 hours after collection. ANH has been shown 
to reduce need for transfusion in some cardiac procedures, 
but not in orthopedic surgeries. ANH may also be asso-
ciated with higher intraoperative fluid and vasopressor 
requirements.

Intraoperative use of antifibrinolytics such as 
tranexamic acid or aminocaproic acid has been shown 
to decrease intraoperative transfusion and blood loss in 
orthopedic oncologic surgeries. A  Cochrane Database 
meta-analysis showed a decrease in blood loss without any 
increase in risk of thrombus formation with the use of anti-
fibrinolytics such as aprotinin, epsilon-aminocaproic acid 
(EACA), or tranexamic acid.

Of course, placement of an arterial catheter for intra-
operative blood pressure monitoring and blood sampling, 
ensuring the availability of cross-matched blood prod-
ucts, and having adequate IV access are crucial prior to 
surgical incision. Having rapid-infusion devices available is 
also helpful.

K E Y FAC T S

• Preoperative embolization to minimize intraoperative 
bleeding should be performed within 24 hours prior to 
surgery because collateral flow is rapidly reestablished.

• Cell salvage technology should not be used in cancer 
surgery because of the increased risk of spreading 
malignant cells systemically.

• Intraoperative use of antifibrinolytics such as tranexamic 
acid or aminocaproic acid has been shown to decrease 
intraoperative transfusion and blood loss in orthopedic 
oncologic surgeries.
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10 .  A N S W E R :  A

Epidermolysis bullosa (EB) is a group of inherited con-
nective tissue diseases with defective anchoring between 
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the dermis and epidermis, which leads to bulla formation 
(blistering) in the skin and mucous membranes following 
trivial trauma. Bulla most often occur when lateral shear-
ing forces are applied to the skin and mucous membranes. 
Perpendicular pressure is not as great a hazard. The oro-
pharynx and esophagus are particularly affected.

EB treatment is symptomatic and supportive, often 
including corticosteroids.

There are multiple anesthesia considerations in patients 
with epidermolysis bullosa. Preoperative initiation or stress 
dosing of corticosteroids should be considered.

A careful airway evaluation should be performed 
because EB patients often have scarring and contractures 
of the oropharynx, mouth opening, and neck. Dentition 
may also be poor with loose teeth present. Often planned 
fiberoptic intubation is safer than direct laryngoscopy. 
Smaller endotracheal tubes can be used to avoid unneces-
sary trauma to the airway. If a laryngoscope blade is used, 
it should be well lubricated. It is recommended to avoid 
esophageal stethoscopes and oropharyngeal suctioning 
as well.

Great care should be taken to avoid trauma to the skin 
as well. All adhesive tape should be avoided. Peripheral 
IVs can be secured with gauze wrap, a nonadhesive pulse 
oximeter should be used, ECG pads can be secured with 
petroleum jelly gauze, and gel pads should be placed under 
the patient. After the procedure, generous petroleum 
jelly-based ointment and nonadhesive dressings will be 
placed on the hands with a padded cast.

Postoperatively O
2
 masks rubbing against the face 

should be avoided. Adequate analgesia and antiemetic 
therapy should be provided. Parental presence in the 
PACU may also help prevent excessive struggling and 
trauma during emergence and recovery. Pruritus, if pres-
ent, should be treated promptly.

K E Y FAC T S

• EB is a group of inherited connective tissue diseases with 
defective anchoring between the dermis and epidermis, 
which leads to blistering in the skin and mucous 
membranes with lateral shearing forces.

• EB treatment is symptomatic and supportive, often 
including corticosteroids.

• Because the oropharynx and esophagus are particularly 
affected, airway management can be challenging, and 
manipulation of these tissues (with monitoring devices 
and suctioning) should be avoided or minimized.
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11.  A N S W E R :  A

Spina bifida is a congenital developmental abnormal-
ity characterized by incomplete fusion of the vertebral 
arches. If the defect is large enough, a portion of the spinal 
cord may protrude through the opening in the bones. Spina 
bifida occulta refers to a spina bifida defect covered by soft 
tissues and skin. Spina bifida aperta refers to lesions with 
exposed meningoceles or myelomeningoceles. The most 
common location of these malformations is the lumbar 
and sacral areas. Myelomeningocele is the most severe and 
common form, with an incidence of about 1 in every 1,000 
births.

Spina bifida defects should be surgically closed shortly 
after birth to reduce risk of serious infection; this, however, 
does not restore normal function to the affected part of 
the spinal cord. Nerve root dysfunction typically occurs 
below the level of the lesion.

Clinical features of spina bifida may include the 
following:

• Lower-extremity weakness and paralysis
• Orthopedic abnormalities such as clubfeet, hip 

subluxation, and scoliosis
• Neurogenic bladder and bowel, resulting in 

incontinence, frequent urinary tract infections, and 
impaired renal function

• Arnold Chiari II malformation causing hydrocephalus
• Epilepsy and learning disabilities

Preoperative evaluation should include assessment of 
neurologic deficits, range of motion restrictions, and renal 
impairment. If contractures are present, extra pillows and 
padding may be needed to support limbs. If renal impair-
ment exists, NSAIDs should be avoided. Of note, succi-
nylcholine may be used and has not been shown to cause 
severe hyperkalemia in spina bifida patients.

Ventriculoperitoneal shunts should be functioning 
properly. Short trachea and endobronchial intubation 
are common in spina bifida patients; therefore, care should 
be taken to ensure bilateral and equal breath sounds. 
Furthermore, kyphoscoliosis may distort tracheal anatomy, 
making intubation more difficult.

Due to a reduced hypercapnic ventilator response, 
extended PACU stays may be necessary to ensure full 
postoperative recovery.

Frequent surgical procedures and need for urinary 
catheterization also lead to a high rate of latex allergy 
among children with spina bifida. Primary prevention 
by maintaining a strict, latex-free operating room is 
recommended.
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K E Y FAC T S

• Spina bifida is a congenital developmental abnormality 
characterized by incomplete fusion of the vertebral arches.

• Patients with spina bifida should not be exposed to latex 
due to a high rate of latex allergy.

• Short trachea and endobronchial intubation are 
common in a spina bifida patient.
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12 .  A N S W E R :  C

The incidence of neurologic complications following sco-
liosis surgery is extremely low: 0.3%. Those children with 
curves greater than 100 degrees, with congenital scolio-
sis, kyphosis, or postradiation scoliosis all have a greater 
likelihood of incurring some sort of neurologic injury.

Thoracic scoliosis would be a correct choice if the curve 
was over 100 degrees. However, thoracic scoliosis in and of 
itself is not a risk factor.

Mesenchymal scoliosis includes patients with Marfan syn-
drome, mucopolysaccharidises, arthrogryposis, and osteogene-
sis imperfecta. Cardiac, airway, vascular access, and extreme 
fragility are all issues encountered with these patients.

Infantile scoliosis is a type of idiopathic scoliosis. There are 
three types of idiopathic scoliosis: infantile (<3 years of age), 
juvenile (3–9 years of age), and adolescent (9–18 years of age).

Congenital scoliosis consists of those patients born with 
bony abnormalities leading to an acute angle deformity 
and those patients with neural tube defects (meningomy-
elocele, spina bifida, and syringomyelia).

K E Y FAC T S

• Children with curves greater than 100 degrees, with 
congenital scoliosis, kyphosis, or postradiation scoliosis 
all have a greater likelihood of incurring some sort of 
neurologic injury.

• Patients with mesenchymal scoliosis have cardiac, 
airway, and vascular access issues.

• Congenital scoliosis consists of those patients born 
with bony abnormalities leading to an acute angle 
deformity and those patients with neural tube defects 
(meningomyelocele, spina bifida, and syringomyelia).
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13 .  A N S W E R :  C

The ankle-clonus test is surprisingly accurate. In one series 
of slightly over 1,000 patients undergoing spinal arthrod-
esis and instrumentation, the ankle-clonus test correctly 
identified all six of the patients that had developed a neuro-
logic deficit during the procedure. However, it also misiden-
tified three patients as having a neurologic deficit who were 
normal. This meant the test had a sensitivity of 100% and a 
specificity of 99.7%.

Because the test is administered at the conclusion of 
the procedure, it is considered a post hoc test rather than 
real-time monitoring. In this instance it is similar to the 
wake-up test. Unlike the wake-up test, the ankle-clonus 
test is performed as the patient is emerging from anesthe-
sia but before the patient fully regains consciousness. It is 
thought that at this juncture the patient’s spinal reflexes 
have returned while the higher centers are still inhibited 
by the residual anesthesia still present. The surgeon briskly 
dorsiflexes the patient’s foot and assesses the patient for 
clonus. If the surgeon can elicit clonus, then it is assumed 
that the spinal cord is intact. If the surgeon cannot elicit 
clonus, then there is a high likelihood that there is some 
neurologic damage and the patient should not be extubated 
until he or she can demonstrate voluntarily movement of 
the lower extremities.

Unlike the wake-up test, patient cooperation is not 
required to successfully assess patient’s neurologic integrity 
using the ankle-clonus test.

K E Y FAC T S

• The ankle-clonus test has a sensitivity of 100% and 
specificity of 99.7%.

• The ankle-clonus test is performed at the end of the 
procedure (similar to a wake-up test) but does not need 
patient cooperation and can be done while a patient is 
emerging from anesthesia.
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Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 2009:640.

14 .  A N S W E R :  B

The patient’s pulmonary function will not approach base-
line values until 1 to 2 months have elapsed. These changes 
are fairly consistent for patients having a posterior spinal 
fusion alone or a combined anterior release and posterior 
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spinal fusion. They can be seen in patients with both idio-
pathic scoliosis and neuromuscular scoliosis.

Because of the concurrent muscle weakness, those 
patients with neuromuscular scoliosis are more likely to 
require postoperative ventilation than those with idio-
pathic scoliosis. Similarly, those patients with nonidio-
pathic scoliosis as a group are five times more likely to 
have some type of postoperative respiratory complication. 
Their risk increases as the degree of thoracic curvature 
increases. Also, while anterior procedures do not con-
tribute to a greater reduction in a patient’s postoperative 
pulmonary function, anterior procedures do contribute 
to increased rate of respiratory complications with atel-
ectasis, infiltrates, hemo/pneumothoraces, pleural 
effusions, and prolonged intubation being the most 
common.

The marked decrease in a patient’s pulmonary function 
during the postoperative period undoubtedly contributes 
to the observation that patients with neuromuscular dis-
ease have less morbidity with same-day anterior/posterior 
procedures than a staged approach.

K E Y FAC T S

• Pulmonary function tests following a spinal fusion will 
decrease with a nadir on POD 3 and will be about 60% 
of preoperative values 7 to 10 days after the surgery.

• They will not approach baseline values until 1 to 
2 months following the surgery.

reference

Wilton NC, Anderson BJ. “Orthopedic and spinal surgery.” Cote CJ, 
Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 2009:638–9.

15 .  A N S W E R :  D

When the tourniquets are deflated, the ischemic limbs are 
reperfused. This results in a relative increase in the intra-
vascular space being perfused by the same blood volume. 
Physiologically the body responds as if it were hypovole-
mic with a transient increase in heart rate and decrease 
in blood pressure. The reperfusion of the ischemic limb 
results in a washout of lactic acid, creatine phosphokinase, 
and carbon dioxide. The increase in CO

2
 causes an increase 

in the ventilation minute volume in spontaneously breath-
ing patients, vasodilation, and an increase in cerebral blood 
volume.

During tourniquet inflation the ischemic limbs will be 
significantly cooler than the core body temperature. With 
reperfusion the blood circulation through the formally 
ischemic limbs will cause the central core temperature to 
decrease.

K E Y FAC T S

• The physiological reaction to a deflation of a tourniquet 
is a hypovolemic state with a transient increase in heart 
rate and decrease in blood pressure.

• The reperfusion of the ischemic limb leads to washout of 
lactic acid, creatine phosphokinase, and carbon dioxide. 
The increase in CO

2
 causes an increase in the ventilation 

minute volume in spontaneously breathing patients, 
vasodilation, and an increase in cerebral blood volume.

• Following the deflation, the central core temperature is 
decreased.

reference

Wilton NC, Anderson BJ. “Orthopedic and spinal surgery.” Cote CJ, 
Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 2009:648–50.

16 .  A N S W E R :  C

Histological changes occur in the muscle beneath the tour-
niquet after 2 hours of tourniquet time. Similar changes 
are noted in distal tissue after 4 hours of ischemic time. 
Direct pressure and compression of tissue contribute to 
the tissue injury. Nerves running under the tourniquet are 
susceptible to this type of injury, especially at the proximal 
and distal edges of the cuff.

Vascular damage is not common in children.
Tourniquet pain begins to intensify minutes after the 

tourniquet is inflated and is unbearable after approxi-
mately 30 minutes. It results in an increase in blood 
pressure and heart rate that is not responsive to analgesics. 
Avoiding nerve injuries outweighs concerns for getting the 
vital signs back to baseline.

Short periods of ischemia followed by reperfusion actu-
ally make muscle more resistant to subsequent ischemia.

K E Y FAC T S

• Histological changes occur in the muscle beneath the 
tourniquet after 2 hours of tourniquet time.

• Direct pressure and compression of tissue (especially 
for nerves at the proximal and distal edges of the cuff) 
contribute to the tissue injury.

reference

Wilton NC, Anderson BJ. “Orthopedic and spinal surgery.” Cote CJ, 
Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 2009:648–50.

17.  A N S W E R :  A

Blood is a non-Newtonian fluid comprised of fluid and 
particulate matter. When the red cell mass decreases as 
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in normovolemic hemodilution, the blood viscosity 
decreases. This improves its flow characteristics such that 
it results in improved perfusion of the capillary beds.

With normovolemic hemodilution there is an increase 
in the venous return to the heart. It has been reported that 
this results in an increase in cardiac output. However, if the 
patient remains normovolemic, this increase in cardiac out-
put is due to an increase in the stroke volume, not heart rate. 
Some observers have reported little or no changes in cardiac 
output if the degree of hemodilution remains moderate.

There is usually no change in the oxygen-hemoglobin 
dissociation curve associated with the acute anemia intro-
duced with normovolemic hemodilution. However, in cases 
of chronic anemia there is a shift of the curve, but this shift 
is to the right to improve oxygen delivery to the peripheral 
tissue. Additionally 2,3-DPG levels will increase in red cells 
in patients with a chronic anemia.

A slight degree of hypothermia, between 33°C and 
34°C, is recommended to reduce the child’s metabolic 
rate during normovolemic hemodilution. This must be 
carefully monitored so that the child does not begin to 
shiver since this will result in a marked increase in the oxy-
gen consumption. Shivering is best controlled by not allow-
ing the child to get too cold and with the judicious use of 
muscle relaxants. Interestingly, many muscle relaxants have 
demonstrated an increased potency and have a prolonged 
duration of action in children who have been hemodiluted. 
The exact mechanism of action has not yet been clearly 
defined.

K E Y FAC T S

• In normovolemic hemodilution, the blood viscosity 
decreases, which improves its flow characteristics 
such that it results in improved perfusion of the 
capillary beds.

• With normovolemic hemodilution, there is an increase 
in the venous return to the heart with an increase 
in cardiac output secondary to an increase in stroke 
volume.

• There is usually no change in the oxygen-hemoglobin 
dissociation curve associated with the acute anemia 
introduced with normovolemic hemodilution.

reference

Cote CJ, Grabowski EF, Stowell CP. “Strategies for Blood Product 
Management and Reducing Transfusions.” Cote CJ, Lerman J, 
Todres ID, eds. A Practice of Anesthesia for Infants and Children. 4th 
ed. Philadelphia, PA: Saunders Elsevier; 2009:217–8.

18 .  A N S W E R :  C

Down syndrome is the most common chromosome abnor-
mality in humans, occurring in approximately 1 in 800 live 

births. It is associated with advanced maternal age and is 
a genetic disorder most commonly a result of Trisomy 21, 
but it can also be due to balanced or unbalanced transloca-
tion of chromosome 21 or mosaicism. The syndrome is asso-
ciated with physical growth delays and distinct craniofacial 
characteristics (microbrachycephaly, small low-set ears, 
oblique palpebral fissures). Specific syndromic features that 
may affect airway management include short neck, small 
mouth opening, mandibular hypoplasia, macroglos-
sia, narrow nasopharynx, hypertrophic lymphatic tis-
sue (tonsils, adenoids), subglottic stenosis, and cervical 
spine instability.

Generalized hypotonia, not increased muscle rigidity, 
is commonly associated with Down syndrome and results 
in higher likelihood of upper airway collapse, which can 
lead to obstructive sleep apnea. Airway concerns include 
frequent upper airway obstruction, postextubation stridor, 
and increased risk of cervical spine injury.

Other conditions that affect children with Down syn-
drome include mental retardation, thyroid disease, leu-
kemia, obesity, subglottic stenosis, gastrointestinal 
problems, and congenital heart defects.

Associated findings with Down syndrome include the 
following:

• Physical stature: low birth weight, short stature
• Airway findings: macroglossia, micrognathia, subglottic 

stenosis, postextubation stridor, microdontia with fused 
teeth, increased tendency for upper airway obstruction

• Cardiovascular findings: congenital heart disease, 
atropine sensitivity, increased susceptibility to 
pulmonary hypertension

• Respiratory findings: increased susceptibility to 
respiratory infections, increased susceptibility to 
obstructive sleep apnea

• Gastrointestinal findings: duodenal obstruction, 
gastroesophageal reflux, Hirshsprung syndrome

• Nervous system findings: mental retardation, epilepsy, 
strabismus

• Musculoskeletal findings: hypotonia, dysplastic pelvis, 
atlantoaxial subluxation

• Immune system findings: immunosuppression, leukemia
• Hematologic findings: neonatal polycythemia
• Endocrine findings: hypothyroidism, low catecholamine

K E Y FAC T

• The airway management of patients with Down 
syndrome may be affected by a short neck, small mouth 
opening, mandibular hypoplasia, macroglossia, narrow 
nasopharynx, hypertrophic lymphatic tissue (tonsils, 
adenoids), subglottic stenosis, and cervical spine 
instability.
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19.  A N S W E R :  A

Down syndrome, a genetic disorder frequently resulting 
from Trisomy 21, is the most common chromosome abnor-
mality in humans, occurring in approximately 1 in 800 live 
births. The syndrome is associated with physical growth 
delays, craniofacial abnormalities, and mental retardation.

Congenital heart defects (CHDs) are associated in 
40%–50% of Down syndrome children. The most com-
mon lesions are atrioventricular septal defects (about 
one half) and ventricular septal defects (about one 
fourth). Other lesions that are less common include pat-
ent ductus arteriosus, atrial septal defects, and Tetralogy of 
Fallot. Therefore, it is recommended that all children with 

Down syndrome are screened early in infancy for CHDs. 
Bradycardia under anesthesia occurs commonly, particu-
larly upon inhalation induction. These children are highly 
susceptible to pulmonary hypertension either due to car-
diovascular pathology or from chronic hypoxia secondary 
to upper airway obstruction.

K E Y FAC T

• The most common cardiac lesions in patients with 
Down syndrome are atrioventricular septal defects 
(about one half) and ventricular septal defects (about 
one forth).
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19.
TR AUM A A ND BUR NS

Cathie Jones

1. Which of the following is the most common cause of 
death from injury in children?

A. Pericardial tamponade
B. Exsanguination
C. Traumatic brain injury
D. Sepsis

2. Which of the following injuries would be suggestive 
of nonaccidental trauma (i.e., child abuse)?

A. Rib fracture
B. Forearm fracture
C. Shin bruises
D. Lump on forehead

3. Which of the following would be representative of 
the amount of blood loss when you would first expect to 
see hypotension in a child following a traumatic injury?

A. 5 mL/kg
B. 10 mL/kg
C. 20 mL/kg
D. 40 mL/kg

4. Significant traumatic injury may lead to large vol-
umes of blood loss and transfusion. Coagulopathy asso-
ciated with massive transfusion after an injury is most 
likely due to which of the following:

A. Thrombocytopenia
B. Hypothermia
C. Disseminated intravascular coagulation
D. Citrate toxicity

5. Incidence of injury is highest in which age group?

A. 1–4 years of age
B. 5–9 years of age

C. 10–14 years of age
D. 15–19 years of age

6. Which of the following is true regarding traumatic 
injury in children in comparison to adults:

A. Thoracic trauma is more common than abdominal 
trauma.

B. Penetrating trauma is more common than blunt 
trauma.

C. Tension pneumothorax is more likely to occur.
D. Rib fractures are common in children and need 

aggressive pain treatment.

7. All of the following contribute to the difficulty of 
assessing cervical spine injuries in children except:

A. Pseudosubluxation
B. Communication difficulties related to age
C. Caudad location of injury
D. Pain

8. A 3-year-old male is brought in via ambulance after 
a motor vehicle crash. He was noted to be an unre-
strained passenger, ejected from the vehicle, and has 
an open radius fracture. Upon exam, he is noted to 
open his eyes when a painful stimulus is applied. He 
withdraws when an IV is attempted to be placed, but 
he does not make any verbal sounds regardless of the 
stimulus. His heart rate is 100, blood pressure is 90/40, 
respiratory rate is 20, and O

2
 saturation is 96%. Which 

of the following represents the best next step in his 
management?

A. Proceed to the computed tomography (CT) scan to 
evaluate additional injuries.

B. Transfuse 10 mL/kg of PRBCs.
C. Give pain medication.
D. Intubate due to neurologic status.
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9. A  patient presents after being involved in a house 
fire. The patient is brought directly to the emergency 
department by EMS. Which of the following signs on 
presentation would lead you to consider intubation in 
this patient early in the hospital course?

A. Elevated heart rate
B. Body surface burns of 20%
C. Carbonaceous sputum
D. Circumferential burns of the abdomen

10. A 6-year-old, 20 kg child is involved in a scald burn 
from the kitchen sink. The burns on the legs affect 
approximately 20% of the child’s body surface area. 
Which of the following fluid regimens represents appro-
priate resuscitation for this patient following a burn?

A. 120 mL/hr of NS or LR for the next 12 hours
B. 800 mL of NS or LR over the next 8 hours
C. 1200 mL of NS or LR over the next 8 hours
D. 1600 mL of NS or LR over the next 8 hours

11. Which of the following would be most helpful in 
determining whether a patient has carbon monoxide in 
his or her blood following a house fire?

A. Venous blood gas
B. Co-oximeter
C. Pulse oximeter
D. Mixed venous oxygen saturation

12. A 3-year-old male presents with scald burns to his 
bilateral lower extremities, up to his thighs. The parents 
report that he climbed into the kitchen sink and turned 
the hot water on. Which of the following represents the 
likely total body surface area burned?

A. 10%
B. 20%
C. 30%
D. 40%

13. A  patient presents for scar revision approximately 
3 years after a 45% total body surface area (TBSA) burn 
during a chemical fire at their workplace. In planning 
for this patient’s anesthetic, which of following is true 
regarding neuromuscular blockade?

A. Succinylcholine should be avoided due to 
upregulation of receptors.

B. Burn patients should be dosed similarly to patients 
with myasthenia gravis.

C. Dosing of neuromuscular blockers changes 
immediately after the burn injury occurs.

D. This far out from the burn injury, is it unlikely that 
dosing should be adjusted.

14. A patient presents after a house fire, with circumfer-
ential burns. Due to the exposure to smoke inhalation, 
the patient was intubated upon hospital arrival. It has 
been approximately 8 hours since the burn injury and 
the patient is requiring increasing inspiratory pressures 
to maintain his tidal volumes. Which of the following 
is likely indicated to help improve the respiratory man-
agement of this patient?

A. Changing of endotracheal tube (ETT) due to likely 
mucous plugging

B. Escharotomies to improve the chest excursion and 
assist with ventilation

C. Additional pain medication as likely ventilator 
dis-synchrony due to pain

D. Bronchoalveolar lavage

15. A  patient presents for burn debridement and split 
thickness skin grafting after 45% TBSA burns. Which 
of the following would be most helpful to maintain the 
patient’s temperature?

A. Warming the IV fluids
B. Convective warming
C. Warming up the operating room
D. Nothing special needs to be done to maintain 

normothermia

16. A  4-year-old girl presents with blunt abdominal 
trauma following a motor vehicle accident. The patient 
is suspected to have a splenic injury and has a positive 
FAST exam. She is being prepared to go to the operat-
ing room for an exploratory laparotomy and splenec-
tomy. The EMTs and several other staff members have 
attempted to get IV access in this patient without suc-
cess. The surgeon wants to move to the operating as 
expeditiously as possible, as the patient’s vital signs are 
suggestive of acute blood loss. Which of the follow-
ing sites is the most appropriate site to obtain vascular 
access at this time?

A. Femoral cut down
B. Right internal jugular central line placement
C. Additional attempts at a peripheral intravenous line
D. Intraosseous needle placed in the patient’s tibia

17. A  5-year-old male is found submerged in his fam-
ily’s backyard pool. Which of the following is the most 
important next step in his resuscitation after the patient 
is removed from the pool?

A. Removing wet clothing to prevent hypothermia
B. Calling EMS prior to removing him from the pool
C. Instituting effective CPR as rapidly as possible
D. Instituting warming procedures as rapidly as possible
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18. Which of the following agents may be beneficial in min-
imizing the hyperalgesia encountered in burn patients?

A. Fentanyl
B. Morphine
C. Hydromorphone
D. Methadone

19. Which of the following does not increase caloric 
demands in the burn patients?

A. Early burn excision and grafting
B. Sepsis
C. Cold stress
D. Anxiety

20. A child is seen falling through the ice into a cold and 
partially frozen pond. After removing the child from 
the ice and water, he is noted to be apneic and pulseless. 
Resuscitative efforts are begun. After CPR has started 
and EMS arrives, he is noted to have a core temperature 
of 31°C. Which of the following is appropriate in this 
setting as part of the resuscitation?

A. Limit shocks until core temperature is >34°C if VF/
VT is present.

B. Initiate active internal rewarming.
C. Space vasoactive medications out over a longer 

period of time.
D. Maintain the patient in a hypothermic state for good 

neurologic outcomes.

21. Which of the following is not characteristic of a 
high-voltage electrical burn?

A. It can cause extensive skeletal muscle and 
neurovascular tissue damage.

B. It typically has entrance and exit wounds that show 
the path of injury.

C. It is usually over 1000 volts.
D. Cardiac conduction anomalies are of immediate 

importance.

22. A bomb goes off at an elementary school and chil-
dren are brought to the emergency room for evaluation. 

Due to this event, you are sent to the emergency room 
to help evaluate and treat patients. Which of the fol-
lowing injuries is most common after a primary blast 
injury?

A. Bowel perforation
B. Lung injury
C. Limb fracture/shrapnel
D. Tympanic membrane perforation

23. All of the following may be indicated to help prevent 
renal dysfunction or failure from myoglobin following 
a burn except:

A. Maintaining the urine output at 1 to 1.5 mL/kg 
per hour

B. Maintain glucose under 180
C. Sodium bicarbonate
D. Furosemide

24. A child has suffered a head injury after falling from 
his bike. He was not wearing a helmet. He had no signs 
of losing consciousness immediately following the acci-
dent. His parents brought him to the emergency room 
initially because of open forearm fracture due to obvi-
ous deformity. Since arriving in the emergency room, 
he has become less responsive. Which of the following 
would be the best choice in this setting to help acutely 
decrease the intracranial pressure (ICP) while not inter-
fering with his other injuries?

A. Hypertonic saline
B. Hypercarbia
C. Fentanyl
D. Mannitol

25. A  3-year-old child comes in after a motor vehicle 
accident where he, in his car seat, was ejected from the 
vehicle while restrained in his car seat. Which of the fol-
lowing is not part of his primary evaluation?

A. Assessment of circulation
B. FAST exam
C. Glasgow Coma Score
D. Expose the patient for occult injury
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chaPter 19 ansWers

1.  A N S W E R :  C

Traumatic brain injury is the most common cause of death 
from injury for all ages—children and adults. Traumatic 
brain injury is the leading cause of death (60%–70%) and 
the leading cause of long-term disability. This is a serious 
public health concern. It is essential that the central nervous 
system is considered when acutely treating and resuscitat-
ing the pediatric trauma victim. Maintenance of systemic 
blood pressure (SBP) is also important to help maintain 
cerebral perfusion pressure. Children presenting with an 
SBP less than 90 mm Hg have a three times greater mor-
tality than those victims who present with an SBP greater 
than 90; however, more than 90% of children present with 
an SBP over 90.

K E Y FAC T S

• Traumatic brain injury is the leading cause of death 
from injury for people of all ages.

• Maintenance of systemic blood pressure is essential to 
improving outcomes.
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2 .  A N S W E R :  A

Child abuse is a widespread concern. Over 3 million reports 
of child abuse are filed annually in the United States, but 
it likely does not reflect the actual number of cases. When 
seeing a trauma victim, it is important to evaluate whether 
the trauma was an accident or intentional for the protection 
of the child. Some patterns of injury reflect normal child-
hood falls: such as from learning to walk or playground 
accidents. Examples of these are forearm fractures (falling 
on an outstretched hand) and elbow fractures from fall-
ing off a jungle gym or playset. Shin bruises and bumps on 
forehead are frequently seen in toddlers and young children 
learning to walk or run, and typically are not a reason to be 
concerned. Bruises in areas that are not typically bumped 
when walking/running (e.g., thigh bruises) should raise 
concern in a health care provider. Fractures of large bones 
(e.g., femur) that require large forces to break should also 
raise concern. Due to the more cartilaginous components 
of a child’s chest, it takes tremendous force to break a 
rib. In accidental trauma, a child is more likely to have a 
pulmonary contusion without an overly rib fracture. The 
following injuries should raise concerns for child abuse: rib 

fracture, fracture of base or vault of skull, contusion of 
eye, intracranial bleeding, multiple burns, and injuries 
in those younger than 1 year of age. The majority of fatali-
ties from child abuse in the United States are in children 
3 years of age and younger, with the majority of those chil-
dren under 1 year of age.

K E Y FAC T S

• Accidental trauma can occur from normal childhood 
falls, and it includes forearm or elbow fractures, shin 
bruises, and bumps of the forehead.

• These injuries should raise concerns for child abuse: rib 
fractures, fracture of the base or vault of the skull, 
contusions of the eye, intracranial bleeding, multiple 
burns, and injuries in those younger than 1 year of age.

• The majority of fatalities from child abuse in the United 
States are in children 3 years of age and younger, with 
the majority of those children under 1 year of age.

reference

Young DA, Wesson DA. “Trauma” in Cote CJ, Lerman J, Anderson 
BJ, eds. A Practice of Anesthesia for Infants and Children. 5th ed. 
Philadelphia, PA: Saunders Elsevier; 2013:789–93.

3 .  A N S W E R :  C

The presence of hypotension due to hypovolemia is a con-
cerning sign in children and may signal impending cardio-
vascular collapse. Children will typically maintain their 
blood pressure for a longer period than adults following 
blood loss. The first sign of blood loss in a child may be 
tachycardia, which may appear when 10% of the patient’s 
blood volume is lost. Hypotension typically does not pres-
ent until 25% of the patient’s blood volume has been lost. As 
the typical blood volume for a child is 80 mL/kg, 20 mL/ kg 
represents a loss of 25% of the patient’s blood volume.
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4 .  A N S W E R :  A

While the primary goal of resuscitation is maintaining 
intravascular volume, massive transfusion after traumatic 
injury may result in a coagulopathy. The most likely causes 
are the dilution of clotting factors, decreased platelets 
(thrombocytopenia), or both. Hypothermia can contrib-
ute toward difficulty clotting and is a common problem 
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in victims of major trauma. As such, every effort should be 
made to avoid hypothermia during resuscitation, to prevent 
contributing to a coagulopathy. Fibrinolysis or dissemi-
nated intravascular coagulation (DIC) may also occur after 
a traumatic injury, but like hypothermia, neither is the most 
likely cause of coagulopathy.

Massive blood loss in pediatric trauma victims is typi-
cally the result of injury to solid viscera or major vascular 
structures. Massive exsanguination is thankfully uncom-
mon in the pediatric population. If they sustain injuries 
that cause exsanguination, they typically die at the scene 
of the accident. In both adults and children, approximately 
25% of trauma patients receive blood transfusions, and far 
fewer of civilian trauma patients are massively transfused.

There is no fixed formula for when to transfuse platelets 
and factors in pediatric patients. Most of the studies have 
been done in the adult population and extrapolated into 
pediatrics. Adult trauma literature suggests that transfus-
ing plasma and platelets early can help prevent some of the 
acute coagulopathy that comes from trauma. Many adult 
centers use a 6:6:1 transfusion strategy (6 units PRBCs:6 
units FFP:1 unit of pooled platelets) for trauma patients 
expected to receive a large volume of blood. There is cur-
rently no controlled trial in pediatrics to validate the results 
from the adult literature. Transfusing exclusively packed 
red blood cells (PRBCs) is known to lead to dilution of 
clotting factors and platelets, and more studies need to be 
done to assess the efficacy of various transfusion strategies 
in the pediatric population.

Sodium citrate and citric acid are used as anticoagulants 
in banked blood for transfusion. When large volumes of 
blood are transfused, especially rapidly, the patient receives 
a citrate load, and hypocalcemia (from decreased ionized 
calcium) and a metabolic alkalosis can result. This can be 
treated by giving the patient calcium chloride or calcium 
gluconate to replenish the calcium.

Two other potential problems with massive transfu-
sion are hypothermia and hyperkalemia. Hypothermia 
can be alleviated by warming the blood products prior to 
or while transfusing them to the patient, as well as warm-
ing the patient. Hyperkalemia is more common with older 
blood products due to lysed RBCs. The potassium load can 
be diminished by transfusing the freshest blood possible. 
Another option to help with lowering the potassium is 
washing the blood cells, to remove excess calcium, prior to 
transfusion. As the RBCs need time to be washed, this is 
typically not something that can be done in the setting of 
massive transfusion of a trauma patient.

K E Y FAC T S

• Coagulapathy associated with massive transfusion is 
typically caused by dilution of clotting factors and/or 
decreased platelets (thrombocytopenia).

• Complications from massive transfusion include 
hypocalcemia, hyperkalemia, hypothermia, and a 
metabolic alkalosis.

• There have not been any pediatric studies to validate the 
6:6:1 transfusion strategy used in adults.
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5 .  A N S W E R :  D

Children ages 15–19  years have the highest incidence of 
unintentional injury, assault, and self-harm. While older 
children have the highest incidence of injury, overall, they 
have the lowest incidence of mortality. Trauma is the lead-
ing cause of mortality for all children over 1  year of age. 
Most of the mortality is the result of motor vehicle acci-
dents. Other causes of traumatic mortality in children over 
1 year are falls, nonaccidental trauma (child abuse), drown-
ing, and extremes of temperature. Under 1 year of age, the 
leading cause of traumatic death is due to child abuse. There 
are approximately 20,000 deaths in children annually due 
to traumatic injuries.
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6 .  A N S W E R :  C

The mechanisms of injury are different in children than 
adults. The majority of trauma in children is blunt trauma. 
This is typically due to injuries such as motor vehicle acci-
dents and falls. Adults are more likely to suffer penetrating 
trauma. Abdominal trauma is also more common in chil-
dren, again due to the mechanisms of injury that children 
tend to suffer. While thoracic trauma is not as common 
as abdominal trauma, it is the second leading cause of 
death due to trauma in children, second only to trau-
matic brain injury. Internal injuries may be masked due 
to the lack of fractures secondary to the cartilaginous 
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nature of a child’s thorax. Many blunt injuries are man-
aged nonoperatively.

Tension pneumothorax secondary to trauma is more 
likely to occur in a child than an adult. It is also more 
likely to cause hemodynamic instability. The mediastinum 
in children is more mobile. If a pneumothorax occurs, 
it is more likely to cause shifting of the structures within 
the chest. The movement of the trachea and great vessels 
in the chest are more likely to cause instability. Needle 
decompression should be considered before instituting 
positive-pressure ventilation in a child with a tension pneu-
mothorax to prevent worsening of the vital signs.

As a child’s chest is more cartilaginous than an adult’s, 
it is very uncommon to sustain a rib fracture. While 
rib fractures may need aggressive pain treatment if they 
occur, a rib fracture in a child should raise the suspicion for 
child abuse.

K E Y FAC T S

• Thoracic trauma is the second leading case of death due 
to trauma in children.

• Internal injuries can be masked due to lack of fractures.
• Tension pneumothorax secondary to trauma is more 

likely to occur in a child than an adult.
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7.  A N S W E R :  C

Cervical spine injuries are less common in children than 
adults. Fractures are less likely because of the more carti-
laginous nature of their spine and the incomplete ossifica-
tion of the vertebrae. When children obtain a cervical spine 
injury, the injury typically occurs at a more cephalad 
location, C3 or above. The cervical spine in children is at 
risk whenever there are substantial forces that occur during 
the method of injury, such as from a fall or a motor vehi-
cle accident. Until a spinal cord injury is ruled out, spinal 
precautions should be followed, including during airway 
manipulation.

Pseudosubluxation of the cervical spine is a common 
finding in children. It appears as an anterior displacement 
of C2 on C3. Because of this radiologic finding, the person 
examining the child will need to determine whether it is a 
true injury or only benign pseudosubluxation. The appear-
ance of pseudosubluxation can be reduced on X-ray by plac-
ing the child’s head in a sniffing position. This should only 
be done after consultation with the surgeon due to the risk 
of spinal cord injury. Older children who can cooperate can 

have an odontoid/open mouth film taken to evaluate the 
more cephalad vertebrae and help rule out a fracture and 
account for the potential pseudosubluxation.

The age of the child and pain can be confounding fac-
tors when examining the child for cervical spine injury. If 
the child is unable to verbally express himself or herself due 
to age, the examiner has to rely on facial expression, guard-
ing, and other less reliable inputs. Additionally, children 
may arrive in the emergency room without a parent present. 
This is especially common after a motor vehicle accident, 
which is a situation where there are often forces significant 
enough to cause a spinal cord injury. Due to fear, pain, and 
stranger anxiety, it may be difficult to get a “good exam” of 
the child’s cervical spine, where actual pain may be elicited 
from palpation, without a parent present. Due to these dif-
ficulties, if a cervical spine injury is suspected, and if mental 
status is decreased or altered, the cervical spine should be 
immobilized until further studies can be done.

It can be difficult to rule out cervical spine injury in 
children based on X-rays alone due to spinal cord injury 
without radiographic abnormality (SCIWORA). This 
phenomenon may occur in 25%–50% of children with 
spinal cord injuries. According to ATLS guidelines, a CT 
scan of the neck to evaluate for fracture may replace X-rays. 
While this has increased the number of fractures found, 
not all injuries, especially ligamentous, can be found on 
X-ray or CT. If there is concern for a ligamentous injury or 
SCIWORA, a magnetic resonance imaging (MRI) should 
be obtained.

K E Y FAC T S

• Cervical spine fractures and injuries are less likely 
in children because of the more cartilaginous nature 
of their spine and the incomplete ossification of the 
vertebrae.

• The age of the child and pain can be confounding factors 
when examining the child for cervical spine injury.

• Approximately 25%–50% of children with spinal 
cord injuries may not have a radiographic abnormality 
(SCIWORA).
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8 .  A N S W E R :  D

This patient has a Glasgow Coma Score of 7 (Eyes  =  2, 
Motor  =  4, Verbal  =  1) and should be intubated due to 
his poor neurologic status (see Table 19.1). While all of 
the other choices may need to happen prior to going to the 
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operating room for fracture repair, his airway management 
should take precedence. Per ATLS, with a GCS of less than 
8, intubation is in order. Because many EMTs do not have 
extensive experience taking care of children, it would not be 
unusual for this child to show up at the emergency depart-
ment with a low GCS without a breathing tube placed by 
the EMTs. The lack of intubation upon arrival at the hos-
pital does not mean that the patient should remain with a 
natural airway.

The patient likely needs some pain treatment and, if he 
continues to be hemodynamically stable, he should get a 
CT scan to evaluate for other injuries prior to going to 
the operating room to have his open fracture fixed. The 
CT scan may be especially important due to his poor neuro-
logic status, which may be representative of traumatic brain 
injury. However, if the patient were not hemodynamically 
stable, it would be better to take the patient for definitive 
care to maintain his hemodynamic status.

Because this patient is currently hemodynamically 
stable, there is not evidence to suggest he needs immediate 
transfusion. If there were clearly signs of massive hemor-
rhage, consideration should be given to transfusion as part 
of volume replacement in this patient.

K E Y FAC T S

• Patients who present with a GCS score of 8 and lower 
should be intubated.

• Patients that are hemodynamically stable should have a 
CT scan to evaluate for other injuries.
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9.  A N S W E R :  C

Smoke inhalational injury to the tracheobronchial tree is 
a concern when burn patients present. This is especially 
true for fires that occur in enclosed spaces (e.g., house fires). 
Although the number of patients with true inhalational 
injury is small, when it does occur there is a high risk of 
morbidity and mortality. External signs of inhalational 
injury include facial burns, blistering/edema of the orophar-
ynx, mucosal lesions, scorched nasal hairs, carbonaceous 

Table 19.1 ModIfIcatIon of the glasgoW coMa scale for PedIatrIc PatIents

TYPE OF 

R ESPONSE

SCOR E* AGE-R ELATED R ESPONSES

>1 YEAR <1 YEAR

eye-opening 
response

4 spontaneous spontaneous

3 to verbal command to shouting

2 to pain to pain

1 none none

>1 year <1 year

Motor 
response

6 obeys commands spontaneous

5 localizes pain localizes pain

4 Withdraws to pain Withdraws to pain

3 abnormal flexion to pain 
(decorticate)

abnormal flexion to pain (decorticate)

2 abnormal extension to pain 
(decorticate)

abnormal extension to pain 
(decorticate)

1 none none

>5 years 2–5 years 0–2 years

verbal 
response

5 oriented and converses appropriate words, phrases Babbles, coos appropriately

4 confused conversation Inappropriate words cries but is consolable

3 Inappropriate words Persistent crying or screaming to pain Persistent crying or 
screaming to pain

2 Incomprehensive sounds grunts or moans to pain grunts or moans to pain

1 none none none

* Scoring: severe, <9; moderate, 9–12; mild, 13–15.

SOURCE: Modified from James HE, Trauner DA. The Glasgow Coma Scale. In: James HE, Anas NG, Perkin RM, eds. Brain Insults in Infants and 
Children. Orlando, FL: Grune & Stratton; 1985:179–82.
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sputum/sooty secretions, singed eyebrows, hoarseness, and 
stridor.

Thermal damage, asphyxiation, and pulmonary irri-
tation are the main mechanisms that lead to injury in 
patients exposed to smoke inhalation. Thermal dam-
age is typically limited to the oropharynx because heat 
typically dissipates by the time the air reaches the trachea. 
Combustion of materials in a closed space can consume 
significant amounts of oxygen, leaving the patient in a 
hypoxic environment. In patients who have a high likeli-
hood of inhalational injury, early intubation should be 
considered. If a patient needs to be transferred to a higher 
echelon of care, consideration should be given to securing 
their airway prior to transport.

Elevated heart rate is common after burns for a variety 
of issues and does not mean there is reason to consider intu-
bation. Pain, fluid status, and inflammation are all reasons 
that the heart rate could be elevated.

Intubation should be strongly considered when the 
total body surface area (TBSA) burned is 30%–40% 
or greater. Along with swelling that may come from 
fluid resuscitation, the incidence of inhalational injury 
increases as the TBSA percentage increases. In burns 
that exceed 30% of the TBSA, if they also have bronchopul-
monary injury, the mortality increases to 70%. Even with-
out inhalational injury, with a large surface area burn, these 
patients often develop progressive upper airway edema in 
the first 48 hours. This can make delayed intubation dif-
ficult and even impossible.

While circumferential burns of the abdomen will likely 
require treatment with escharotomy and may impede the 
respiratory status if not treated, they are not typically a rea-
son to consider intubation shortly after the patient presents 
to the hospital.

K E Y FAC T S

• True inhalational injury carries a high risk of 
morbidity and mortality. External signs of inhalational 
injury include facial burns, blistering/edema of the 
oropharynx, mucosal lesions, scorched nasal hairs, 
carbonaceous sputum/sooty secretions, singed eyebrows, 
hoarseness, and stridor.

• Intubation should be strongly considered when the 
TBSA burned is 30%–40% or greater.

• Large surface area burns often develop progressive upper 
airway edema in the first 48 hours.
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10 .  A N S W E R :  B

The Parkland formula represents the approximate crys-
talloid fluid needs over the next 24 hours. The formula is 
4 mL/kg x patient’s weight in kg x TBSA% burned. In 
this patient that is 4 mL/kg × 20 kg × 20% burned = 1600 
mL over the next 24 hours. A total of 800 mL of crystalloid 
should be given over the next 8 hours, with the following 
800 mL over the following 16 hours. This is meant to guide 
fluid resuscitation so patients are more likely to receive 
enough fluid. Urine output (UO), which acts as a marker 
of organ perfusion, needs to be maintained and should be 
kept at 1 mL/kg per hour. If the UO falls, more fluid should 
be given.

The Parkland formula is not the only formula used for a 
burn victim’s fluid resuscitation but is the most commonly 
used. Another formula, the Brooke formula, uses less fluid 
overall. Originally the Brooke formula employed the use 
of colloids. The modified Brooke formula uses 2 mL/kg × 
patient’s weight in kg × TBSA% burned and also titrates 
fluid administration to urine output. Because children have 
relatively higher daily fluid requirements than adults, the 
Parkland formula is used more commonly.

There is still debate about the use of colloids in burn 
patients. Some centers will use colloids when the patient’s 
albumin levels fall, and others will employ it after 24 hours 
of resuscitation. As capillary leakage will occur in 
burned tissue, some feel colloids are not of significant ben-
efit. There is currently no consensus on when, or if at all, 
colloids should be given.

Dextrose-containing solutions should not be used for 
fluid replacement for burn patients, though they can be 
used for maintenance solutions.

There is a risk of over resuscitating a patient with burn 
injuries, so the patient’s hemodynamic status should also be 
used in guiding the resuscitation.

K E Y FAC T S

• The Parkland formula is 4 mL/kg x patient’s weight in 
kg × TBSA% burned.

• Fluid administration should be titrated to urine output 
and should be maintained at 1 mL/kg per hour.

• There is ongoing debate about the appropriateness of 
colloid use given capillary leakage occurs in burned 
tissue.
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11.  A N S W E R :  B

Any burn in an enclosed space also places the patient at risk 
for carbon monoxide poisoning. Carbon monoxide binds 
to hemoglobin with a greater affinity than oxygen. 
Carbon monoxide also absorbs the same amount of 660 
nM light as oxyhemoglobin does. For this reason the pulse 
oximetry will be falsely elevated, as the carboxyhemoglobin 
can be misread as oxyhemoglobin. In this setting a pulse 
oximeter reading of 96% saturation should not be reassur-
ing to the clinician.

Carbon monoxide is an odorless, colorless gas and is 
a major component of smoke in open fires. It causes tis-
sue hypoxia by binding to hemoglobin and it also causes a 
left shift of a oxyhemoglobin dissociation curve, which 
reduces the ability of the blood to off-load oxygen. Carbon 
monoxide can also bind to heme molecules in myoglobin 
and decrease oxygen diffusion into muscle, including in the 
heart. The amount of carbon monoxide in the blood is 
likely best detected by co-oximetry. Co-oximeters mea-
sure absorption at several wavelengths of light and can dis-
tinguish carboxy- from oxy-hemoglobin. Most patients may 
be treated with 100% oxygen and time, but if they are more 
severely affected and have carbon monoxide encephalopa-
thy, they may require hyperbaric oxygen treatment.

Cyanide (CN) poisoning can also occur after a fire due 
to incomplete combustion of nitrogen-containing materi-
als. It is a colorless gas with a bitter almond odor. It is pro-
duced by the combustion of plastic, polyurethane, wool, 
silk, nitriles, rubber, and paper products, to name a few. CN 
stimulates the chemoreceptors in the carotid and aortic 
bodies, which can lead to hyperpnea. It interferes with 
metabolism on the cellular level by inhibiting cytochrome c 
oxidase and affecting the mitochrondria. This converts the 

cell to anaerobic metabolism and lactic acidosis ensues. 
High mixed venous oxygen saturation is often diagnostic 
for CN poisoning. CN toxicity can be treated by sodium 
thiosulfate or hydroxocobalamin.

While a venous blood gas may help you determine the 
patient’s acid-base status and help with some other lab val-
ues, it will not help you determine whether the patient was 
exposed to carbon monoxide poisoning.

K E Y FAC T S

• Carbon monoxide has a greater affinity to hemoglobin 
than oxygen. Carboxyhemoglobin can be misread as 
oxyhemoglobin; therefore, pulse oximetry can give 
falsely reassuring readings.

• The amount of carbon monoxide in the blood is best 
detected by co-oximetry.

• Cyanide poisoning causes anaerobic metabolism and 
lactic acidosis, and it is characterized by high mixed 
venous oxygen saturation.
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12 .  A N S W E R :  C

The rule of nines is the typical way body surface area 
burns are estimated (see Fig. 19.1). The patient’s palm rep-
resents approximately 1% of total body surface area. Because 
the head represents a larger TBSA in small children, they 
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do not have the same “rule of nines” as adults (see Fig. 19.1), 
though the overall process of estimation is the same.

Scalds account for a larger portion of burns in chil-
dren, up to 60%–70% of burns. Contact burns are the 
next most common and make up 20% of burns. Burns due 
to open flames are not very common.

While scald injuries are common, they can be represen-
tative of nonaccidental burns/trauma to the child. Things 
that are suggestive of nonaccidental scald burns are a 
story inconsistent with injury, lack of splash marks, 
and clearly demarcated edges—as if the patient had been 
dipped/submerged in the hot water. Scald burns often occur 
at ages that children are being toilet trained and are used 
by some as a punishment for accidents.

All scald burns are an opportunity to educate the fami-
lies about safety measures that can be taken, such as turning 
pan handles in on the stove and turning the water heater 
to a lower temperature so scalding water does not leave the 
faucet.

K E Y FAC T S

• The rule of nines can be used to estimate the percentage 
of body surface area affected by burns, although it is 
adjusted by age given that the head represents a larger 
percentage of area in children.

• Scalds account for up to 60%–70% of burns.
• Nonaccidental scald burns might be suspected in cases 

where the story is inconsistent with injury, there is a lack 
of splash marks, or there are clearly demarcated edges.
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13 .  A N S W E R :  D

Burn injury can lead to the upregulation of fetal and mature 
acetylcholine receptors. This usually leads to a resistance to 
nondepolarizing muscle relaxants and an increased sensitiv-
ity to succinylcholine. This is noted to occur between 24 
and 72 hours after injury. This is also noted to occur after 
stroke, spinal cord injury, prolonged immobility, prolonged 
exposure to neuromuscular blockers, multiple sclerosis, 
and Guillain-Barré syndrome. While burn injury upregu-
lates the receptors, they are downregulated in myasthenia 
gravis, anticholinesterase poisoning, and organophosphate 
poisoning.

Resistance to nondepolarizers is typically seen in 
patients with at least 25% burns. It may take months to 
years for the receptors to return to normal. Potassium has 
been noted to markedly increase in burn patients following 

succinylcholine use. Succinylcholine has been safely 
administered within 24 hours of a burn injury. After 
this period, the muscle receptors are likely already altered, 
and succinylcholine should be avoided. Over time, as nor-
mal skin regrows, normal acetylcholine receptors return. 
While it is not known exactly how long to avoid succinyl-
choline, a conservative estimate avoids the use from 24–48 
hours after injury to the next 1–2 years. Normal responses 
to succinylcholine have been demonstrated 3 years from the 
burn injury.

K E Y FAC T S

• Burn injuries cause an upregulation of acetylcholine 
receptors, leading to a resistance to nondepolarizing 
muscle relaxants and increased sensitivity to 
succinylcholine.

• Succinylcholine has been safely administered within 
24 hours of a burn injury.

• Succinylcholine should be avoided between 24–48 hours 
after a burn up to the next 1–2 years.
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14 .  A N S W E R :  B

This patient presented with circumferential burns. Eschars 
often form over burned tissue and form quickly. Eschars 
over full-thickness or deep-partial thickness burns may 
result in vascular compromise as the patient is resuscitated 
and develops edema. As the patient will likely have received 
a significant resuscitation by this time, this is a real concern 
for eschars in any location on the body. If the patient has 
thoracic-wall involvement, this can contribute to respira-
tory issues and appear similar to restrictive lung disease. 
It can also present as abdominal compartment syndrome, 
with decreased cardiac output, venous return, and uri-
nary output. A  beside escharotomy with electrocautery 
can help treat this quickly. The patient may need to progress 
to the operating room for full escharotomy if he or she is 
stabilized.

Extremities should be monitored for signs of isch-
emia from circumferential eschars as well. Signs showing 
an escharotomy is needed are the five P’s:  pain, pallor, 
paresthesia, paralysis and pulselessness. An emergent 
escharotomy may be needed if any of the aforementioned 
symptoms present to prevent limb loss.

While the ETT may eventually need to be changed due 
to mucous plugging, or potential sloughing of the mucosal 
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lining from inhalational injury, it is unusual to need to 
change a tube this early in the time course of the patient’s 
hospitalization.

Bronchoalveolar lavage is not indicated in this scenario 
and would not acutely improve this patient’s respiratory 
status.

While adequate pain management is very important in 
burn victims, inadequate sedation and analgesia are unlikely 
to cause the inspiratory pressures to increase.

K E Y FAC T S

• Eschars form quickly over burns and can result in 
vascular compromise, respiratory issues similar to 
restrictive lung disease, and abdominal compartment 
syndrome.

• An escharotomy is needed if the five P’s are 
present: pain, pallor, paresthesia, paralysis, and 
pulselessness.
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15 .  A N S W E R :  C

When patients are burned, it disrupts their integumen-
tary system. The patient’s ability to regulate and maintain 
temperature is decreased due to large raw surfaces as well 
as denervated areas that can no longer vasoconstrict in 
response to cold. General anesthesia, which will be required 
to do the split-thickness skin grafting (STSG), also blocks 
thermoregulation.

While all surgical patients remain warmest when the 
operating room is also warm, it is especially important in 
burn patients. If their temperature is not maintained, it 
adds to their already high metabolic demands to facili-
tate heat production. Anesthesia leads to thermoregulatory 
vasodilation, which causes a core to peripheral redis-
tributation of body heat. It is also easiest to maintain 
normothermia in the operating room when patients are 
vasodilated than to try to warm them postoperatively when 
they are vasoconstricted.

Cutaneous heat loss is proportional to the body sur-
face area. In turn, the larger amount of area burned, the 
larger amount of area that will need to be exposed in burn 
debridement and grafting. The larger the TBSA burned, 
the warmer the operating room will need to be to maintain 
normothermia and prevent the problems of hypothermia.

Operating room temperature is the most important fac-
tor influencing heat loss in all surgical patients. The average 
adult surgical patient will maintain a core temperature if 
the room is 23°C, or 26°C for infants. Core temperatures 
are higher in burn patients (38°C–39°C). Burn patients 
do best with an ambient temperature of 30°C–31°C. 
This helps prevent heat loss due to radiation.

Convective warming, though very effective in most 
patients, is often difficult to use in burn patients. Due 
to the large amount of skin exposed to debride the wound, 
harvest skin, and place the skin grafts, it can be difficult 
to keep convective warming devices on the patient to help 
warm them.

Warming IV fluids helps prevent heat loss but is not an 
effective way to warm patients. Patients cannot be effectively 
warmed this way because you cannot substantially increase 
the fluid temperature above a patient’s body temperature. 
Warming the intravenous fluids helps prevent heat loss but 
is not very effective. For each 1 L of fluid not warmed, the 
body temperature decreases 0.25°C.

K E Y FAC T S

• Burn patients have a decreased ability to regulate and 
maintain their temperature given that denervated areas 
can no longer vasoconstrict in response to cold.

• Anesthesia causes vasodilation, leading to redistribution 
of body heat from the core to the periphery.

• Burn patients do best with an ambient room 
temperature of 30°C –31°C to help prevent heat loss 
from radiation.
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16 .  A N S W E R :  D

In the acute trauma setting, getting large-bore intravenous 
access is of paramount importance. Because patients may 
have a depleted intravascular volume, a peripheral IV may be 
difficult to place. In an acute trauma setting, when a patient 
needs treatment rapidly, intraosseous (IO) access should 
be attempted. Once the patient has received some resusci-
tation, additional intravenous catheters, either peripheral or 
central, can be obtained.

The site typically used in children is the anteromedial 
surface of the proximal tibia, approximately 1–3 cm below 
the tibial tuberosity. The military has also used IO lines in 
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other sites, such as the distal femur, humerus, and ster-
num, though none of these are routinely used in children.

Complications of IO access include subperiosteal infil-
tration, osteomyelitis, fracture, and emboli. A study by Guy 
in 1993 showed high success rates of placement in the pre-
hospital as well as hospital setting (28 out of 32 attempts), 
and it can be placed by a wide variety of health care workers. 
There are a wide variety of IO needles on the market from a 
handheld drill style (EZ-IO device, Vidacare, San Antonio, 
TX) to using bone marrow biopsy needles.

The time needed and difficulty of placing central lines 
in small children preclude their routine use in the pediat-
ric trauma bay. Because most would not place an arterial 
line in the trauma bay to slow down a drip to the operat-
ing room, one would not place a central venous line at this 
time either.

In this patient with a positive FAST exam, there is a 
potential advantage to placing an intravenous line 
above the diaphragm in case large vessels are injured. 
However, due to time sensitivity, an IO line should be 
placed to help stabilize the patient and then additional 
access can be obtained.

K E Y FAC T S

• In the acute trauma setting, an intraosseous line should 
be attempted for rapid treatment of hypovolemia when 
peripheral IVs may be difficult to place.

• The site typically used in children is the anteromedial 
surface of the proximal tibia.

• Complications of IO access include subperiosteal 
infiltration, osteomyelitis, fracture, and emboli.
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17.  A N S W E R :  C

Drowning is the second leading cause of death due to 
injury in children, second only to motor vehicle accidents. 
It most commonly occurs between the ages of 1 and 4 years, 
and again from 15 to 19 years. It is more common in males 
and is most likely to happen close to your own home. There 
is an increased risk of drowning in children with epilepsy. 
In the United States, most drownings occur in pools and 

spas; in the developing world, drownings occur in bodies of 
water used for daily activities.

Early initiation of CPR is the most important initial 
step in this scenario. If there is concern for trauma causing 
the fall, C-spine precautions should be taken as the child 
is removed from the pool. A  C-spine injury prior to/con-
tributing to a drowning occurs less than 0.5% of the time. 
Because CNS injury is the most common cause of mortal-
ity and long-term morbidity after drowning, early effective 
CPR is most important. It is unknown how long someone 
can be submerged and not suffer injury, but it is likely less 
than 5 minutes.

Drowning happens rapidly in small children, often 
struggling only 10–20 seconds before being submerged. 
Experiments have shown that as the subject initially pan-
ics and struggles trying to get to the surface, small amounts 
of water enter the hypopharynx. The water causes laryn-
gospasm and the subject becomes hypoxic. This starts 
a cascade of decrease in oxygen saturation and loss of con-
sciousness, and finally cardiac arrest from hypoxia.

While pulmonary aspiration occurs in all drowning 
victims, the amount aspirated is usually small and does 
not obstruct the airways. The water can easily move into 
the pulmonary circulation after positive-pressure ventila-
tion and wash out surfactant, causing V/Q mismatch and 
shunting.

Hypothermia is often associated with drowning vic-
tims. Mild hypothermia is a temperature of 34°C–36°C, 
moderate is 30°C–34°C, and severe is less than 30°C. Even 
after the child is removed from the water, cooling will con-
tinue due to the wet clothing. Theoretically it is possible to 
fall into cold water and cool the victim to a neuroprotec-
tive level. There are some reports of victims submerged in 
icy water for long periods with good neurologic outcome. 
Overall, however, hypothermia is a poor prognostic sign. 
Because victims will continue to cool when removed from 
the water, it is important to dry them off quickly and replace 
wet clothing if possible.

EMS should be notified after a drowning to take the 
victim to a hospital. The victim should be observed for 6–8 
hours, even if he or she is asymptomatic. Almost 50% of 
pediatric victims have some level of respiratory distress or 
hypoxemia that progresses to pulmonary edema during 
the first 4–8 hours.

Drowning is a large public health problem and can be 
prevented. The most effective way to decrease drowning is 
prevention, especially at residential pools.

K E Y FAC T S

• Drowning is the second leading cause of death due to 
injury in children; it is second only to motor vehicle 
accidents.

• Early initiation of CPR is the most important initial 
step, and the victim should be taken to a hospital to 
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observe for possible progression of respiratory distress 
and pulmonary edema.

• Hypothermia can be neuroprotective, but it is a poor 
prognostic sign.
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18 .  A N S W E R :  D

Burn patients need pain treatment for multiple reasons, 
even after their initial injury. They undergo burn dressing 
changes, debridement, skin grafting, and physical therapy, 
and they often have to undergo resection of scar tissue and 
contractures. Partial-thickness burns tend to be more pain-
ful than full-thickness burns because there are more nerve 
endings remaining intact in a partial-thickness burn. 
Pain tends to be the most intense from the freshly har-
vested donor sites as they have the greatest number of nerve 
endings. A tumescent solution can be used by the surgeons 
intraoperatively to help decrease the pain.

Due to the number of procedures these patients 
undergo, it is important to manage their analgesic and 
antianxiety medications well. Proper pain treatment mini-
mizes the patient’s metabolic demands, which in turn aids 
healing. As burn patients acutely undergo changes in their 
metabolism and organ functions, there are several issues to 
be aware of in managing their medications. There is also a 
typical decrease in albumin and an increase in alpha-1 
glycoprotein. The patients typically have an increased vol-
ume of distribution and have increased clearance of most 
drugs. The effective doses may need to be rapidly esca-
lated due to rapid receptor changes going on in the burn 
victim.

Many different analgesics can be used to treat burn 
pain. Fentanyl, morphine, and hydromorphone are all 
options. Methadone, as it also acts as an NMDA antago-
nist, may help in decreasing the hyperalgesia and mini-
mize opioid tolerance that many burn patients experience 
over the course of their treatment. As drug kinetics are dif-
ferent in burn patients, the half-life of methadone may not 
be as consistent as in other patients, so they need close mon-
itoring due to its long half-life. Ketamine, a noncompeti-
tive NMDA-antagonist, may also help with hyperalgesia. 
NSAIDs and acetaminophen can also be considered, but 
the patients need to be watched closely for renal or hepatic 
problems. Ketorolac is also an option; however, it has a very 
limited role in chronic use. Agents such as remifentanil and 
alfentanil have minimal use in burn patients due to their 
ultra-short half-life. Remifentanil may also contribute 

to hyperalgesia and should probably be avoided for that 
reason.

Burn patients often need rapid escalations of their dosing 
regimen. Some of this is likely due to tolerance; however, the 
opiate receptors are also thought to undergo thermal injury, 
which causes the doses needed to escalate rapidly. There may 
also be changes in the nociceptive pathways, contributing 
to the hyperalgesia they experience. It may also be that local 
changes in nerve endings take place after the burn or graft-
ing procedures. After the skin wound is closed, the need for 
opiates rapidly decreases. Opiates and anxiolytics should be 
slowly titrated down to minimize issues with withdrawal.

In general, burn pain is better treated in burn patients 
when it is on a regular standing schedule, rather than as 
needed. While boluses of pain medications should be given 
prior to interventions such as dressing changes and physi-
cal therapy, pain medications should not be limited to those 
times. Ketamine may be especially helpful at the time of 
dressing changes.

In addition to analgesics, other medications should be 
considered. Appropriate anxiolytics can help treat the psy-
chological stress of the burn and help facilitate their pain 
treatment. Stool softeners should be started to prevent side 
effects from the opiates. Also, diphenhydramine should be 
considered in patients, especially children, who have heal-
ing burns. Any movement of the graft or shear forces on 
the graft can cause graft failure—itching of the graft sites, 
which may result from medication effects or from granula-
tion tissue, can seriously impair the healing process.

K E Y FAC T S

• Burn patients require a good regimen for pain control 
because of the frequency in which they will receive 
dressing changes, debridement, skin grafting, and 
surgeries for resection of scar tissue and contractures.

• Burn patients often need rapid escalations of their 
dosing regimen. Methadone, as an NMDA antagonist, 
may help in decreasing hyperalgesia and opioid 
tolerance.

• A standing schedule of pain medications with boluses 
for painful interventions is the best regimen for burn 
patients.
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19.  A N S W E R :  A

Burn injuries create a hypermetabolic state as the body tries 
to repair and recover. The metabolic rate increases as a func-
tion of the size of the burn. Patients with a 60% or greater 
total body surface area (TBSA) burn are also at risk for 
increased mortality. Catecholamines, glucagon, and gluco-
corticoids work together to elevate the basal energy expen-
diture (higher resting temperature), refractory tachycardia, 
increased oxygen consumption, and increased carbon diox-
ide production. The time after a burn is a catabolic state 
with increased gluconeogenesis, glucose intolerance, insu-
lin resistance, increased urea formation, and nitrogen loss. 
This all leads to delayed wound healing and muscle wasting. 
Thyroid (T3 and T4) and parathyroid hormone levels are 
also decreased after a burn.

The first 48 hours of a burn injury are considered the 
acute phase. During the acute phase the patient typically 
loses a large amount of protein and is hypovolemic. In the 
subsequent phase (after 48 hours) the patient enters a 
hypermetabolic phase. Cardiac output is increased, with 
increases in blood flow through the liver and kidneys, 
and this can vary as the patient continues healing. As the 
patient’s metabolic demands are highest in the first few days 
following a burn, early excision and skin grafting decrease 
the metabolic demands, expedite healing, and improve the 
patient’s physiology. Skin grafting helps prevent the fluid 
and heat loss at the individual sites.

Cold rooms will increase the patient’s caloric demand 
because the body will attempt to generate heat. Providing 
environmental temperatures of 28°C–33°C, adequate cov-
ering during transport and liberal use of analgesics and anx-
iolytics can decrease caloric demands.

Burn injury patients require good nutrition to promote 
healing. Enteral feeding not only helps with their nutrition 
but it also helps decrease their chances of getting septic. 
Enteral feeding is important to introduce calories, maintain 
GI motility, and protect the mucosa. Without enteral feeds, 
the risk of infection and sepsis increases. While parenteral 
feeds can be used, they do not help maintain the integrity 
of the mucosal barrier in the gut. The mucosal barrier helps 
prevent bacterial translocation. Gastroduodenal ulcers are 
a common problem, unless the patient is treated with pre-
ventative measures such as PPI, H2 receptor antagonists, or 
neutralizing agents. Feeding can also help decrease the inci-
dence of stress ulcers following a burn.

In large burns having a postpyloric feeding tube is help-
ful to maintain around-the-clock feeding. If the patient is 
unable to take food by mouth, a feeding tube should be 
placed early to help with caloric intake as well as the other 
benefits of enteral feeding. Postpyloric feeding tubes are 
preferred. There is no consensus on whether postpyloric 
feeds should be stopped before anesthesia or sedation. If 
the patient is not hemodynamically stable and on vasoac-
tive agents, enteral feeding may be held until the patient 

is more stable. Some sources advocate enteral feeding via a 
Dobhoff or nasogastric tube in patients with a 30%–40% 
TBSA burn because it will be difficult to meet their caloric 
requirements by oral feeding. For children the estimated 
protein requirements are 3 g/kg per day after a burn.

K E Y FAC T S

• 48 hours after a burn, the patient enters a 
hypermetabolic state, with increased gluconeogenesis, 
glucose intolerance, insulin resistance, increased urea 
formation, and nitrogen loss.

• Early burn excision and skin grafting decrease the 
metabolic demands, expedite healing, and improve the 
patient’s physiology.

• Enteral feeding is important for promoting good 
nutrition, maintaining GI motility, and protecting the 
mucosa to decrease the risk of infection and sepsis.
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2 0 .  A N S W E R :  C

Hypothermia is broken into categories based on the core 
body temperature. Mild hypothermia is 34°C–36°C, 
moderate 30°C–34°C, and severe <30°C. Treatment 
depends on where in the spectrum of hypothermia the 
patient lies. In this scenario the patient is suffering from 
moderate hypothermia.

The initial physiologic response to cold-water immer-
sion is involuntary reflex hyperventilation, eventually 
apnea, and a severe bradycardia that is followed by supra-
ventricular and ectopic tachycardias, which can eventually 
lead to ventricular fibrillation or asystole.

In severe hypothermia, resuscitation should follow 
the current AHA guidelines. CPR should begin while the 
patient’s temperature is being obtained. If ventricular fibril-
lation or pulseless VT is present, shocks should be lim-
ited to three shocks until the temperature is over 30°C. 
Active internal rewarming should be started.

In moderate hypothermia, resuscitation should con-
tinue to follow the current AHA guidelines. The IV medi-
cations should be spaced out because they will not clear 
as quickly due to the hypothermia. The child’s trunk 
should actively be rewarmed, with the rest of the body 
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undergoing passive rewarming. Rewarming should con-
tinue until the patient is 32°C–34°C.

In mild hypothermia, efforts should be made to get 
patients dry as well as to passively rewarm them.

While it is important to rewarm patients who are 
found in cold water, not all patients need to be completely 
rewarmed to abandon resuscitation. After 30 minutes, if a 
patient remains asystolic and was not found in icy water, 
resuscitation can be discontinued.

There is no clear evidence that maintaining hypo-
thermia or inducing hypothermia after a cardiac 
arrest is helpful in children. At this point, it cannot be 
recommended.

K E Y FAC T S

• Treatment for cardiac arrest depends on where in the 
spectrum of hypothermia the patient lies.

• If ventricular fibrillation or pulseless VT is present, 
shocks should be limited to three shocks until the 
temperature is over 30°C. IV medications should be 
spaced out because they will not clear as quickly due to 
the hypothermia. Active internal rewarming should be 
started.

• There is no clear evidence that maintaining hypothermia 
or inducing hypothermia after a cardiac arrest is helpful 
in children.
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21.  A N S W E R :  B

Electrical burns occur when a person comes in contact with 
or helps complete a live circuit.

Minor or low-voltage electrical burns are usually found in 
children and are often the result of biting on a cord. Burns 
typically happen at home, and the voltage is low enough (usu-
ally less than 500 volts) that deep tissue trauma is usually 
limited to what the burn demarcates. If the child develops 
bilateral oral commissure burns from biting a cord, it can 
present airway difficulties. Low-voltage burns are typically 
treated with the same principles as thermal wounds/burns.

High-voltage, also called high-tension, burns require 
further monitoring and treatment. They typically involve 
over 1000 volts and occur outside the home at places like 

electric power stations, railroads, and electric boxes. They 
carry a mortality rate of 3%–15% and have a high mor-
bidity, including limb amputation. The deep muscle is 
typically involved and is difficult to assess initially. Cardiac 
rhythm disturbances are common and may manifest as 
ventricular fibrillation or cardiac arrest. Without initial 
cardiac disturbances, all patients with high-voltage burns 
require EKG monitoring until they are completely assessed. 
Due to the number of organs involved in high-voltage inju-
ries, these victims should have all organ systems assessed 
as if they were polytrauma patients.

The electricity enters through one point, but the patient 
may have several exit wounds and have tissue and organ 
damage in areas remote from the site of entry. Entrance 
wounds typically occur on the upper extremities with the 
exit wounds on the lower extremities. All of the inter-
vening tissues (muscles, blood vessels, nerves) can be dam-
aged as the electricity finds the fastest way to exit the body. 
Occasionally arcing occurs and results in a flame burn and 
clothing catching on fire.

Patients can develop renal problems from deep muscle 
necrosis and myoglobinuria. It is important to have early 
and aggressive removal of all dead and devitalized tis-
sue to help facilitate wound closure. Early removal of dead 
tissue and debridement can facilitate earlier tissue closure 
and will decrease the metabolic demands. It is important 
to initially care for the patient’s injuries and then proceed 
with more extensive plastic surgery to help improve func-
tion once the patient is stabilized.

K E Y FAC T S

• Minor or low-voltage electrical burns typically happen 
at home and are often the result of biting on a cord. 
Low-voltage burns are typically treated with the same 
principles as thermal wounds/burns and can present 
with airway difficulties.

• High-voltage burns carry a mortality rate of 3%–15% 
and have a high morbidity, including limb amputation 
and multiple-organ damage. Renal problems can develop 
from deep muscle necrosis and myoglobinuria.

• Entrance wounds typically occur on the upper 
extremities, and exit wounds on the lower extremities. 
There may be several exit wounds remote from the site 
of entry.
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2 2 .  A N S W E R :  D

Recently there has been an increased number of bombings 
throughout the world, many related to war but also many 
unrelated to war. Due to this, it is important to have some 
familiarity with blast injuries. Blast injury is broken into 
primary, secondary, tertiary, and quarternary.

Primary: injury caused simply by the increased 
pressure from the explosion itself, a rate injury

Secondary: most common and results from projectiles 
from the explosion

Tertiary: blunt force trauma as the victim is forced 
through the air and hits a structure

Quaternary: burns from the explosion

Primary blast injuries involve air-filled structures. The 
most common site injured is the tympanic membrane, 
which is ruptured in up to 20% of victims. This is followed by 
lung and bowel (most commonly cecum) injury at 7% and 
<1%. Tympanic membranes can be ruptured at 5 psi; alveoli 
can hemorrhage at 15 psi. If a patient does not have a tympanic 
membrane injury, a lung or bowel injury can still be possible. 
Lung injury is treated with airway and ventilator support.

While primary blast injuries just involve injuries from 
the pressure, secondary blast injuries are the most common. 
The type of projectiles may vary greatly—from a piece of 
the bomb itself to pieces of surrounding structures that are 
damaged in the blast and then hit the victims. There can be 
many victims with wounds from projectiles/shrapnel that 
may have been far enough from the blast as not to develop 
overpressure injuries as described.

After a blast injury, due to effects of the explosion, smoke, 
and injuries such as a TM perforation, the victims can be very 
disoriented. Children will often go to areas that are quiet or 
they find comfortable, away from the aftermath of the explo-
sion. While this may provide some temporary solace, it may 
lead to fatal entrapment. Children are also not good at dis-
tinguishing escape routes and may easily become trapped.

K E Y FAC T S

• Primary blast injuries involve air-filled structures. The 
most common site injured is the tympanic membrane, 
which is ruptured in up to 20% of victims.

• Other injuries in primary blast injuries include lung and 
bowel injury.

• Secondary blast injuries that result from projectiles from 
the explosion are most common.
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23 .  A N S W E R :  D

Acute renal dysfunction or failure after a burn injury is a 
very real concern. Intravascular volume depletion and 
hypoperfusion contribute. Due to acute muscle break-
down/rhabdomyolysis, myoglobin can induce tubular 
damage and cause a mechanical obstruction from casts of 
myoglobin as well as products of hemolysis. Electrical burn 
victims are at an increased possibility of renal problems due 
to the large amount of muscle often involved in their burns 
and tissue breakdown.

To combat this potential renal damage, some steps can 
be taken:

1. Adequate hydration. As discussed previously, 
very important in these patients is the loss of large 
amounts of fluid from their open skin surfaces. This 
is likely the most important step in maintaining 
renal perfusion and preventing renal dysfunction in 
this scenario.

2. Sodium bicarbonate can be infused to help 
alkalinize the urine and prevent cast formation.

3. A Foley catheter with an urimeter should be placed 
in the burn victim to monitor and maintain urine 
output at 1 to 1.5 mL/kg per hour.

4. Mannitol, an osmotic diuretic, can be given to help 
maintain forward flow and prevent mechanical 
obstruction from casts. Due to the potential for 
these patients to be volume depleted, it is very 
important to make sure the patient has undergone 
volume replacement prior to giving mannitol. Then 
it is also important to also replace the fluid that the 
patient loses after diuresis has started.

5. Furosemide has not been shown to be helpful in 
this scenario and should be avoided. It may worsen 
renal failure.

In addition to these steps, thermally damaged tissue 
may release atrial natriuretic peptide (ANP), which will 
help maintain the intravascular volume. This can improve 
renal blood flow and urine output that may occur from a 
low-flow state.

It is also important to monitor for hyperglycemia. Due 
to the significant stress response from a burn, hypergly-
cemia may occur. Large amounts of glucose will act as an 
osmotic diuretic and worsen the intravascular volume.

K E Y FAC T S

• Intravascular volume depletion, hypoperfusion, and 
rhabdomyolysis all contribute to acute renal dysfunction 
and failure after a burn injury.

• Treatment options include adequate hydration to 
maintain urine output at 1 to 1.5 mL/kg per hour, 
sodium bicarbinate, and mannitol. Use of furosemide 
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and hyperglycemia can worsen renal failure and should 
be avoided.

• Atrial natriuretic peptide is released to help maintain 
intravascular volume and improve renal blood flow.
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2 4 .  A N S W E R :  A

Hypertonic saline offers the advantage of helping volume 
resuscitate the patient while concurrently lowering the 
intracranial pressure (ICP). Hypertonic saline has the 
advantage that it does not create an osmotic diuresis, as 
mannitol would, at a time when this patient likely is hypo-
volemic and would benefit from an increased intravascular 
volume. In the short term, fentanyl may interfere with a 
neurological assessment and will not address the patient’s 
issues with elevated ICP. It is important to balance treat-
ing the patient’s pain with needing to assess neurological 
function. Mannitol may eventually need to be given in this 
patient but could acutely worsen the patient’s intravascular 
volume, shortly after presentation to the hospital.

Hypertonic saline can be bolused 2–4 mL/kg 
acutely and then infused at 0.1–1 mL/kg per hour. It 
works by increasing the serum osmolality and can help 
maintain the intravascular volume for longer periods than 
an isotonic solution. It also creates an osmotic gradient 
between the intravascular and interstitial fluid compart-
ments and leads to shrinkage of brain tissue. It needs to be 
given cautiously as central pontine myelinolysis can result 
if given too rapidly, along with coagulopathies, electrolyte 
abnormalities, and fluid overload. It can also lead to a non-
anion gap acidosis.

Mannitol lowers the ICP by lowering the cerebral blood 
volume while maintaining cerebral blood flow. It acts as 
an osmotic diuretic. The diuresis can lead to hypoten-
sion, especially if the patient is already hypovolemic, as this 
patient likely is. If mannitol is given, it is important to have 
a Foley catheter in place to help monitor the urine output so 
that volume can be replaced in the patient.

If the ICP is significantly high following a head injury, 
mannitol and hypertonic saline can be given simultane-
ously while monitoring for many of the side effects previ-
ously discussed.

K E Y FAC T S

• Hypertonic saline increases the serum osmolality while 
also maintaining the intravascular volume. It creates 
an osmotic gradient between the intravascular and 

interstitial fluid compartments and leads to shrinkage of 
brain tissue.

• If given too rapidly, a patient can develop central pontine 
myelinolysis, coagulopathy, electrolyte abnormalities, 
and fluid overload.

• Mannitol can also lower ICP, but it acts as an osmotic 
diuretic and can result in hypotension.
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25 .  A N S W E R :  B

The primary survey in a trauma patient is to assess the air-
way, breathing, circulation, disability (neurologic), and 
exposure/control of the environment. Secondary and ter-
tiary surveys take it further and do a more in-depth study of 
the issues found in the primary survey.

The goal of the primary survey is to quickly assess 
and treat life-threatening issues. These typically include 
airway obstruction, respiratory insufficiency, shock from 
hemorrhage, and CNS injury. Once those things are estab-
lished, the investigation can proceed further.

A FAST exam stands for focused assessment with 
sonography for trauma. This exam is noninvasive and can 
quickly assess the following four areas: perihepatic and hep-
atorenal space, perisplenic space, pelvis, and pericardium. It 
is most commonly used for abdominal trauma but can also 
be used when the patient is hypotensive or has a head injury 
and may not be reliable in the patient’s history.

If the FAST exam is negative, and there is still concern 
for abdominal injury or trauma, the patient can be taken 
for a CT scan, if hemodynamically stable. If the patient is 
not hemodynamically stable and there is concern for hem-
orrhage, the patient should often be rapidly taken for an 
exploratory laparotomy in the operating room.

If the FAST exam is positive, the patient likely needs 
operative treatment. It is important, however, in poly-
trauma patients to not forget about the other organs that 
are potentially damaged, including the brain and central 
nervous system. It is also important to evaluate for bilateral 
breath sounds to evaluate for a hemothorax/pneumothorax.

Also, in the trauma bay or operative setting, if the patient 
rapidly needs a life-saving operation, it is important to not 
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delay the surgical care of the patient by delaying operative 
treatment with procedures such as arterial line placement. 
If the patient actively needs surgery, surgery can be started 
and arterial lines can be placed afterward.

It is also important, if in the primary survey an issue is 
found early on, to not get distracted and fail to complete the 
entire workup of the patient. One of the challenges of poly-
trauma in pediatric patients is that it can be difficult to 
have multiple people assessing the patient at once time 
due to the patient’s physical size. Thankfully, most pedi-
atric trauma patients do not require operative care and are 
often managed conservatively in the ICU or on the ward.

K E Y FAC T S

• The primary survey in a trauma patient is to assess 
airway, breathing, circulation, disability (neurologic), 
and exposure/control of the environment.

• A FAST exam is noninvasive and assesses the perihepatic 
and hepatorenal space, perisplenic space, pelvis, and 
pericardium.

• Most pediatric trauma patients do not require operative 
care and are often managed conservatively in the ICU or 
on the ward.
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20.
EVA LUATION OF COEXISTING DISEASE

Jacob T. Arnett and Chien-Hsiang Chow

1. A 7-month-old female is referred for a transthoracic 
echo due to a murmur that her pediatrician auscul-
tated on physical exam. A 0.4 cm ASD is visualized at 
the center of the intra-atrial septum and is believed to 
be an ostium secundum defect. The echo report shows a 
pulmonary-to-systemic blood flow (Qp:Qs) of 1.2. The 
most appropriate treatment at this time is:

A. Open surgical closure as right heart failure is likely 
in the near future

B. Medical therapy with indomethacin
C. Observation
D. Percutaneous closure to avoid Eisenmenger’s 

syndrome in the future

2. A 1-year-old-male with a history of Tetralogy of Fallot 
presents for a sedated transthoracic echocardiogram. 
His cardiac surgeon is in the process of surgical plan-
ning and needs a repeat echocardiogram. During an 
IM induction the child becomes hypoxic and cyanotic. 
You quickly flex his hips and knees and begin a phenyl-
ephrine infusion, in addition to a fluid bolus. His blood 
pressure is stable but his oxygen saturations are slow to 
increase. The next step in pharmacologic management 
includes which of the following?

A. Small boluses of esmolol
B. Deepening the anesthetic by increasing the inhaled 

anesthetic concentration
C. Starting a milrinone infusion to reduce pulmonary 

artery pressures
D. Small boluses of epinephrine to increase systemic 

vascular resistance and reduce pulmonary pressures

3. Which of the following best describes autism?

A. Psychiatric disorder characterized by culturally 
inappropriate behaviors

B. Psychiatric disorder characterized by impairment in 
development of culturally normal relationships

C. Organic disorder characterized by 
developmental delay

D. Organic disorder characterized by seizures of varying 
frequency

4. An 11-year-old male with a history of dyskinetic cere-
bral palsy is seen with his parents prior to placement of 
a baclofen intrathecal pump. The mother relays that no 
medications were taken for 2 days prior to surgery, as he 
refused to take them. A peripheral IV is placed in the 
induction area and dexmedetomodine is started as a pre-
medication for anxiolysis. Five minutes later the nurs-
ing staff requests your immediate presence. The child 
is unresponsive and appears to be having a tonic-clonic 
seizure. The most likely cause of the seizure is:

A. Side effect from dexmetetomidine
B. Electrolyte abnormality
C. Subacute meningitis
D. Medication withdrawal

5. Succinylcholine use is likely considered acceptable in 
which of the following patients?

A. A 7-year-old male having an open-reduction, internal 
fixation of a supracondylar humeral fracture whose 
mother has a history of malignant hyperthermia

B. A 13-year-old female with a history of a 70% 
BSA deep burn sustained 5 months ago having a 
contracture release

C. A 9-year-old male with a history of spastic cerebral 
palsy having an Achilles tendon lengthening 
procedure

D. An 11-year-old male with notable 
pseudohypertrophy of the calves scheduled for a 
muscle biopsy under general anesthesia
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6. A  9-year-old male with a history of cystic fibro-
sis is evaluated prior to laparoscopic appendectomy. 
Preoperative labs show an elevated PT and INR but 
normal PTT and platelet values. What is the most likely 
cause of the elevated PT/INR?

A. Intestinal malabsorption
B. Warfarin use
C. Perioperative enoxeparin use
D. Hemophilia A

7. A  2-year-old male with a history of Trisomy 21 is 
scheduled for an ophthalmic exam under anesthesia. 
With regard to planning airway management, which of 
the following statements regarding the airway manage-
ment is true?

A. Microglossia may make for a challenging direct 
laryngoscopy.

B. Hypertonia may be present, causing upper airway 
obstruction.

C. Macrognathia is a common finding.
D. Airway manipulation may be limited due to 

potential for cervical spine instability.

8. A 3-year-old child with recurrent tonsillitis is evalu-
ated prior to a tonsillectomy. The parents report that the 
child’s pediatrician noted a heart murmur at a recent 
visit, but they have no other details. The mother relates 
that the child is doing very well and she did not have any 
concerns prior to the pediatrician’s visit. You observe 
the child smiling and appearing comfortable in her 
mother’s arms. When auscultating the heart, you appre-
ciate a II/VI systolic murmur at the left-lower sternal 
border. The child moves in her mother’s arms and the 
murmur becomes very faint and difficult to appreciate. 
Which of the following is most likely true?

A. The child should be referred for an 
electrocardiogram (ECG) and a transthoracic echo 
prior to anesthesia.

B. The murmur may not be significant during activities 
of daily living (ADLs) but will likely be an issue 
during an inhalational induction when systemic 
vascular resistance decreases.

C. The murmur is most likely not clinically significant 
and she can proceed to surgery without further 
diagnostic testing.

D. The murmur likely represents significant underlying 
cardiac pathology; she should be sent to the 
emergency room for admission and a complete 
workup.

9. A 9-week-old male is scheduled for a pyloromyotomy 
for pyloric stenosis. He was admitted 20 hours prior to 

the time of surgery and was resuscitated in the pediatric 
intensive care unit (PICU). The PICU team reports his 
electrolytes have normalized, and he appears euvolemic. 
In reviewing the child’s labs you notice his hemoglobin 
is 10.1 g/dL. This hemoglobin level:

A. Likely reflects an iron-deficient anemia from 
malabsorption/chronic vomiting

B. Likely reflects a gastrointestinal bleed with acute 
blood loss anemia, which will require blood 
transfusions in the operating room

C. Likely reflects hemodilution from the IV fluid 
resuscitation

D. Likely represents a normal lab finding for a 
9-week-old male

10. A  9-month-old male is seen in preop prior to a 
circumcision, which is being completed for cosmetic 
reasons. His parents report a normal perinatal his-
tory with no major problems since the time of birth. 
During a review of systems, his father reports that 
he has been able to sit alone and recently showed the 
ability to stand up. He babbles but has yet to speak 
any words. He smiles and plays “peek-a-boo” with 
his mother but does not seem to play with his twin 
brother. The above developmental status of this child 
is likely:

A. Normal and appropriate for his age
B. Globally abnormal and indicates 

developmental delay
C. Motor development is normal but social 

development is delayed
D. Social development is normal but motor 

development is delayed

11. With regard to child and parental preoperative 
anxiety and emotional stress in the preoperative period, 
which of the following is true?

A. Children younger than 7 years experience less 
anxiety than older children because they do not 
understand the danger of anesthesia/surgery.

B. Midazolam given for preoperative anxiety gives 
satisfactory anxiolysis and sedation in approximately 
one third of children.

C. Discussion of specific anesthetic risks will 
significantly increase parental anxiety in the 
preoperative period.

D. Child temperament is generally not indicative of 
preoperative anxiety and coping strategies.

12. A 4-year-old female has a broken arm and is sched-
uled for an open reduction internal fixation of the 
humerus. During the preoperative evaluation the 
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mother requests that she be present during induction 
of anesthesia. What could be done to adequately pre-
pare the mother for her presence during the induction 
of anesthesia?

A. Nothing, it is not routinely recommended
B. Explaining that the most upsetting areas for parents 

are when the child goes limp and when the parent 
has to leave the child

C. Telling the mother that she should be quiet during 
induction and not to distract her daughter as she 
goes to sleep

D. Explaining to the mother that studies have shown 
unequivocally that pediatric patient anxiety is lowest 
with a parent present during induction

13. An 8-year-old male with an anterior mediastinal 
mass comes to the preop clinic for preoperative evalu-
ation prior to a mediastinoscopy. On evaluation the 
patient is able to tolerate lying supine, but you notice 
that he has distended neck veins, facial swelling, and 
has been complaining of difficulty breathing. Which of 
the following test/s should be ordered in the evaluation 
of this mass?

A. Exercise electrocardiogram
B. Gastric motility study
C. Positron emission tomography (PET) scan
D. Pulmonary function tests

14. A  12-year-old male with an anterior mediastinal 
mass is scheduled for a mediastinoscopy. On evalua-
tion the patient is able to tolerate laying supine and the 
patient’s preoperative echocardiogram shows no signs 
of vascular compression. Which of the following is the 
most appropriate technique to induce anesthesia in this 
patient?

A. Rapid sequence induction with cricoid pressure
B. Intravenous induction with propofol
C. Inhalational induction
D. Intravenous opioid-based induction for 

hemodynamic stability

15. An 8-month-old with a history of spina bifida 
occulta is scheduled for a repair of a umbilical hernia. 
During the initial history the patient’s family states 
that the child has had rashes after dental procedures. 
During the procedure the child suddenly develops 
hives, becomes hypotensive, and difficult to ventilate. 
What type of hypersensitivity reaction is responsible 
for the patient’s symptoms?

A. Type 1 hypersensitivity reaction
B. Type 2 hypersensitivity reaction

C. Type 3 hypersensitivity reaction
D. Type 4 hypersensitivity reaction

16. Neonates and infants with gastroesophageal reflux 
disease (GERD) can present with which of the follow-
ing symptoms?

A. Prolonged PT/INR
B. Failure to thrive
C. Renal insufficiency
D. Rhinorrhea

17. An 8-month-old infant presents to the hospital 
for repair of an inguinal hernia. Other than moderate 
GERD, the patient is healthy but was born at 29 weeks 
gestation. Which of the following would be appropriate 
premedication and/or intervention in this child prior to 
induction of anesthesia?

A. Proceeding with surgery 4 hours after breast milk
B. Famotidine
C. Pantoprazole
D. Magnesium

18. Which of the following is most consistent with 
asthma and management of asthma?

A. Wheezing is produced by a combination of upper 
airway inflammation and bronchospasm.

B. Appropriate therapy includes bronchodilators, 
anti-inflammatories, mast cell stabilizers, and 
leukotriene inhibitors.

C. Immunoglobulin D is associated with the disease 
process.

D. Manifestations of the disease include accessory 
muscle use, coughing, and prolonged inspiration.

19. A 1-year-old is to undergo a laparoscopic Nissen fun-
doplication in the morning. Three hours prior to surgery 
the patient was given formula by her parents. What is the 
appropriate fasting interval for this particular situation?

A. 2 hours
B. 4 hours
C. 6 hours
D. 8 hours

20. Which of the following decreases the risk of respi-
ratory complications in the setting of upper respiratory 
infection?

A. Delaying surgery 3 weeks
B. Using an LMA in place of an endotracheal tube
C. Preoperative beta agonists (albuterol)
D. Cavity, head, or neck surgery
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21. Select the statement most true regarding anesthetic 
risk:

A. Risk for both major and minor adverse event in 
pediatric patients exceeds that for adult patients.

B. Nausea is the most common adverse event in all 
pediatric patients.

C. Children between the ages of 1 and 12 months are at 
greatest risk for major adverse event among pediatric 
patients.

D. Children between the ages of 1 and 12 months 
undergo cardiac surgery more frequently than other 
pediatric patients.

22. Please select which of the following qualities is true 
in the context of pediatric patient consent?

A. Children younger than 7 years of age are typically 
capable of assenting due to their decision-making 
ability.

B. Between the ages of 7 and 14 years, children reliably 
develop decision-making skills.

C. Children above the age of 14 years may reliably hold 
adequate decision-making skills.

D. Children above the age of 14 years have developed 
the cognitive and emotional skills required to fully 
participate in the process of consent.

23. A 14-year-old male presents to a preoperative clinic 
2 weeks prior to a planned knee arthroscopy. The 
patient had myringotomy with drainage tubes placed at 
2 years of age without incident. The patient has no med-
ical issues aside from his knee. What would be the most 
appropriate assessment tool?

A. Complete blood count and basic metabolic panel
B. Complete blood count and electrocardiogram
C. Complete blood count
D. No lab assessment

24. Select the answer which is most consistent with 
parental presence on induction of anesthesia (PPI).

A. PPI is absolutely contraindicated above the patient 
age of 18 years.

B. PPI is a benign process for the parent.
C. A possible benefit of PPI is reduction in need for 

preoperative sedation.
D. A possible benefit of PPI is reduction of parent anxiety.

25. Choose the correct statement regarding psychoso-
cial preparation of pediatric patients preoperatively.

A. Children aged 5–10 years receive little benefit from 
preparation programs aimed at enhancing coping 
skills.

B. Children under the age of 3 years receive a great 
deal of benefit from preparation programs aimed at 
enhancing coping skills.

C. Prior hospitalization routinely aids in calming 
children undergoing surgery.

D. Parental anxiety is strongly associated with child 
anxiety.

26. Which severe disease state is commonly associated 
with seizure disorder and is strongly associated with 
impaired oromotor function and recurrent aspiration 
pneumonia?

A. Idiopathic scoliosis
B. Cerebral palsy
C. Cystic fibrosis
D. Trisomy 21

27. An 11-year-old Caucasian male with cystic fibro-
sis presents with abdominal pain and is scheduled for 
a laparoscopic appendectomy. Which of the following 
treatment plans optimizes his postoperative outcomes?

A. Cessation of preoperative bronchodilators
B. Prophylactic broad spectrum antibiotics
C. Incentive spirometry and postural drainage
D. Low-calorie diet, continuation of pancreatic enzyme 

replacement, and fat-soluble vitamin supplements

28. A  2-month-old infant who was born at 30 weeks 
gestation with complete bladder extrophy presents for 
exploratory laparotomy and intestinal stricture resec-
tion. This is her fourteenth general anesthetic. Once a 
new Foley catheter is placed in the operating room, her 
electrocardiogram (EKG) demonstrates sinus tachycar-
dia, a noninvasive blood pressure cannot be obtained, 
and the ventilator alarms because her peak airway pres-
sures acutely increase >40  cm H

2
O. Which of the fol-

lowing is most important in treating this patient?

A. Administer H1 and H2 blockers
B. Administer epinephrine
C. Administer corticosteroid
D. Send blood specimen for mast cell tryptase level

29. A  13-year-old otherwise healthy boy presents for 
resection of an anterior mediastinal mass. He and his 
parents note that for the last 9 months, he has not been 
able to participate during recess at school because of 
progressive tiredness, he has a constant dry cough, and 
he uses two pillows to sleep comfortably at night. As 
you examine him, you notice plethora of his neck and 
face. Which of the following preoperative studies best 
detects evidence of dynamic airway compression in this 
patient?
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A. Chest X-ray
B. CT scan
C. Cardiac echocardiogram
D. Pulmonary function tests

30. A talkative 7-year-old boy with Williams syndrome 
presents for tonsillectomy and adenoidectomy for sleep 
apnea and recurrent tonsillitis. Which of the follow-
ing findings is most alarming during your preoperative 
assessment?

A. Moderate aortic stenosis
B. Rhinorrhea and dry cough
C. Micrognathia with prominent incisors
D. 4 + tonsils

31. A 3-year-old boy with Tetralogy of Fallot is sched-
uled for urgent left groin exploration with possible 
orchiopexy versus orchiectomy for left testicular tor-
sion. He has had groin pain for 4 hours and arrives from 
the emergency department with three failed intravenous 
attempts. As he begins to cry in the preoperative hold-
ing area, you notice his lips turning blue. Bearing in 
mind hemodynamic goals for a patient with Tetralogy 
of Fallot, what should you do next?

A. Administer oral midazolam and provide oxygen by 
facemask.

B. Administer intramuscular ketamine and provide 
oxygen by facemask.

C. Place a peripheral intravenous to increase his 
intravascular volume.

D. Find a junior partner to do the case for you.

32. If this same 3-year-old boy with Tetralogy of Fallot 
and testicular torsion is now in the operating room 
and is crying, what is the best way to safely attenuate a 
hypercyanotic episode in this patient with Tetralogy of 
Fallot and no intravenous access?

A. Use EMLA, then place an intravenous to administer 
an anxiolytic, crystalloid, and phenylephrine.

B. Proceed with mask induction with cricoid pressure, 
high inspired concentration of sevoflurane, and 
100% FiO

2
.

C. Proceed with mask induction with cricoid pressure, 
high inspired concentration of sevoflurane, and 80% 
N

2
O/20% O

2
.

D. Administer intramuscular ketamine and provide 
supplemental oxygen.

33. A  chubby 2-year-old with Down syndrome has 
severe obstructive sleep apnea with an apnea-hypopnea 
index of 42 and presents for tonsillectomy and adenoid-
ectomy. She feeds well, her parents report appropriate 

weight gain with no sweating or cyanotic episodes with 
feeds, and she walks without difficulty in the preop-
erative holding area. As you examine the patient, you 
notice Down facies, macrocephaly, macroglossia, and 
you hear a holosystolic murmur on auscultation. What 
should you do next?

A. Obtain a chest X-ray.
B. Obtain an EKG and cardiac echocardiogram.
C. Obtain a cardiac stress test.
D. Proceed with surgery.

34. A  13-year-old severely autistic adolescent presents 
for dental rehabilitation. Dentists have been unsuccess-
ful in examining his teeth in the office because he is a 
“biter.” He has poor dental hygiene because he will not 
allow anyone to brush his teeth or place anything near 
his face. Which of the following options is most reliable 
in inducing general anesthesia in this severely autistic 
patient?

A. Intravenous induction with propofol and fentanyl
B. Inhalational induction with sevoflurane
C. Oral midazolam, then inhalational induction with 

sevoflurane
D. Intramuscular ketamine, then inhalational 

induction with sevoflurane

35. A 14-year-old girl with asthma and idiopathic sco-
liosis with a Cobb angle of 60 degrees presents for 
T2-pelvis posterior spinal fusion with instrumentation. 
She appears thin, tearful, and nervous in the preopera-
tive area. Her parents inform you that they are Jehovah’s 
Witnesses and do not want any transfusion of blood or 
blood products to their daughter. She is in the middle 
of menses now. What is your most important periop-
erative concern for this patient and her upcoming major 
surgery?

A. Discussion of anxiolytic strategy
B. Discussion of blood conservation strategies
C. Discussion of neuromonitoring and possible 

wake-up test
D. Discussion of susceptibility to malignant 

hyperthermia

36. A neonate with hypertelorism, midface hypoplasia, 
seizures, and tetany presents for omphalocele repair. 
Given the nature of this major surgery, which will likely 
involve large fluid shifts and potential transfusion 
of blood products, which of the following is the most 
important part of your preoperative evaluation?

A. Focused airway exam
B. Cardiovascular workup
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C. Evaluation of electrolyte abnormalities
D. Ensuring appropriate urine output

37. A full-term 3 kg neonate male with a large, prena-
tally diagnosed myelomeningocele presents for myelo-
meningocele repair and placement of a VP shunt for 
hydrocephalus. What is your primary reasoning for 
recovering this patient in an ICU-level setting?

A. Fluid resuscitation
B. Postoperative respiratory monitoring
C. Proper patient positioning
D. Maintaining euthermia

38. An ex-28-week, now 6-week-old twin B has a unilat-
eral inguinal hernia. He is now 4 kg. You administered a  
single-shot spinal with 0.4 cc 0.5% bupivacaine for your 
anesthetic, in your efforts to avoid post-operative apnea 
in this former preterm infant. After the hernia sac has 
been dissected, the infant starts moving his legs. Since 
he is under the surgical drapes, you cannot repeat the 
spinal. Which of the following techniques safely pre-
vents postoperative apnea in this baby?

A. Ask the surgeon to supplement with local to the 
surgical field.

B. Induce general anesthesia but use fentanyl instead of 
morphine.

C. Induce general anesthesia but administer no narcotic.
D. Supplement with ketamine to keep the baby 

breathing spontaneously.

39. A full-term, now 6-week-old firstborn male presents 
with 4  days of nonbilious projectile vomiting, and an 
ultrasound confirms hypertrophic pyloric stenosis. He 
is scheduled for laparoscopic pyloromyotomy for hyper-
trophic pyloric stenosis. Which of the following sets of 
laboratory values best indicates that this infant is ready 
for surgery?
Na+ K+ Cl– HCO

3
–

A. 130 3.1  89 34
B. 142 3.8 105 25
C. 150 3.2 102 32
D. 142 3.6  92 28

40. An ex-31-week, now 4-year-old boy presents for 
circumcision for phimosis. He has received no vacci-
nations and has been febrile for the past 36 hours. As 
you examine him in the preoperative holding area, you 
observe rhinorrhea, hear diffuse rales in his lung fields 
bilaterally, and see the patient cough up yellow sputum. 
How do you proceed?

A. Proceed with GA, use an LMA to avoid intubation, 
supplement with a dorsal penile block.

B. Administer albuterol in preop holding, then proceed 
with GA.

C. Administer steroids and azithromycin, then proceed 
with GA.

D. Postpone this elective procedure for at least 4 weeks.

41. A  16-year-old, African American male with sickle 
cell disease presents for laparoscopic cholecystectomy. 
He is maintained on chronic folic acid and hydroxyurea 
therapy. Which of the following would be most delete-
rious to him in the perioperative period?

A. Liberal use of analgesics
B. Transfusion of phenotype-matched, 

leukocyte-reduced blood to target hemoglobin 
10 g/ dL

C. Hyperventilation to EtCO
2
 < 25 mm Hg

D. Intraoperative use of inhaled nitric oxide

42. A  5-year-old girl with Beckwith-Wiedemann syn-
drome has hemihypertrophy and presents for left distal 
femur epiphysiodesis. Her parents report that she had 
a perinatal omphalocele repair with no complications, 
and that all of her follow-up screens for somatic tumors 
have been negative. You plan a combined general anes-
thetic and femoral nerve block catheter for postopera-
tive analgesia. Which of the following studies would 
most strongly influence your perioperative care for this 
patient?

A. Fingerstick glucose
B. Liver function tests
C. Cardiac echocardiogram
D. Caffeine-contracture testing for malignant 

hyperthermia susceptibility
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chaPter 20 ansWers

1.  A N S W E R :  C

Atrial septal defects (ASDs) are common congenital cardiac 
lesions and can vary in severity and timing of presentation. 
The vast majority (75%) of ASDs are ostium secundum 
defects that occur at the center of the interatrial septum in 
the region formerly occupied by the foramen ovale. Septum 
primum ASDs are due to endocardial cushion defects, 
which leave a large opening in the center of interatrial sep-
tum. There are also sinus venosum defects, which are rarer.

In the absence of other major cardiac anomalies, ASDs 
will initially be acyanotic lesions as blood generally shunts 
left to right. Small ASDs, such as in this question, are gener-
ally watched and not intervened upon. They typically create 
a systolic ejection murmur at the left upper sternal bor-
der, which may be mistaken for a flow murmur, particularly 
in a well-appearing child. Larger lesions (e.g., approaching 
2  cm in diameter) can lead to significant shunting caus-
ing increased flow through the pulmonary circulation. 
An echo that reveals a Qp:Qs of > 1.5 signifies significant 
shunting and may warrant closure, either open or by percu-
taneous intervention. The long-term consequences include 
right-heart failure, pulmonary hypertension, and if 
untreated, reversal of the shunt if right-heart pressure 
exceeds the pressure in the left heart.

Anesthetic considerations for patients with ASDs are 
based around management of the SVR:PVR ratio. If the 
PVR drops considerably, there will be increased shunting 
and worsened right-heart signs/symptoms. Conversely, 
if the PVR is allowed to rise due to hypoxia, hypercarbia, 
acidosis, or hypothermia, this may lead to transient devel-
opment of a cyanotic lesion. It is imperative to remember 
than even if only left-to-right shunting is present on echo, 
there is still a risk of paradoxical emboli. Many patients do 
well for years, and the ASD may actually be undetected, in 
which case they may not present until adulthood.

K E Y FAC T S

• In the absence of other major cardiac anomalies, ASDs 
will initially be acyanotic lesions as blood generally 
shunts left to right.

• Larger lesions with a Qp:Qs of > 1.5 and significant 
shunting may lead to right-heart failure, pulmonary 
hypertension, and reversal of shunt flow if untreated.

• Anesthetic considerations for patients with ASDs are 
rooted in management of the SVR:PVR ratio.
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2 .  A N S W E R :  A

Tetralogy of Fallot (TOF) is the most common congenital 
cyanotic lesion, accounting for 10% of congenital heart dis-
ease cases. The four components of the lesion are (1) a VSD, 
(2) an “overriding” aorta that covers ventricles, (3) RVOT 
obstruction, and (4) right ventricular hypertrophy (RVH). 
This child is experiencing a hypercyanotic “Tet” spell, indi-
cating that the volume of blood shunting from right to 
left has increased. After increasing preload (fluid bolus, 
flexing the hips) and increasing afterload (flexing the hips 
and using phenylephrine), the next step is to reduce the 
obstruction to RV outflow. Though it may seem logical to 
reduce PA pressures with milrinone or epinephrine, the 
distal pulmonary pressures are generally low and not a sig-
nificant factor in the degree of shunting. The obstruction 
to RV outflow is at the level of the RVOT. This may be 
subvalvular, valvular, supravalvular, and occasionally at 
the pulmonary arterial branches. Esmolol will slow heart 
rate to allow for adequate preload and will also relax the 
infundibular (subvalvular) region of the RVOT, allowing 
more blood to leave the RV into the RVOT. For children 
with recurrent Tet spells, propanolol is often indicated for 
outpatient use.

An anesthetic for a child with TOF must be well 
planned and tailored to the patient. Premedication is often 
recommended as crying and struggling can worsen breath-
ing and cause desaturations. Midazolam has been shown to 
be effective. The induction of anesthesia on patients with 
TOF can cause significant hemodynamic changes, which 
can quickly lead to cyanosis. Ketamine is often used as 
an induction agent. The increase in SVR with ketamine 
will reduce the right-to-left shunt. An inhaled induction 
is acceptable, but one must remember that the reduction in 
SVR will cause an increase in the shunt. Historically, halo-
thane has been the preferred inhalational agent for induc-
tion as it maintains a relatively stable SVR but causes direct 
myocardial depression, helping to relax the infundibulum. 
Although still in use in some centers, the popularity of hal-
othane has decreased due to the risk of fulminant hepatic 
necrosis. Positive-pressure ventilation, hypercarbia, 
and hypoxia will raise pulmonary pressures and increase 
the right-to-left shunt, so effective airway management is 
imperative when balancing SVR and PVR. Care should 
also be taken to avoid high airway pressures and allow ade-
quate time for expiration to avoid increased intrathoracic 
pressures. As with all cardiac lesions involving shunts, care 
must be taken to avoid air in the IV tubing due to risk of 
paradoxical emboli.
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K E Y FAC T S

• TOF is the most common congenital cyanotic lesion 
and consists of a VSD, an “overriding” aorta, RVOT 
obstruction, and RVH.

• A child experiencing a “tet” spell has increased right-to-
left shunting, and is treated by increasing preload and 
afterload as well as reducing the RVOT obstruction. 
This can be accomplished by giving beta blockers.

• Positive-pressure ventilation, hypercarbia, and hypoxia 
will raise pulmonary pressures and increase the right-to-
left shunt, so effective airway management is imperative 
when balancing SVR and PVR.
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3 .  A N S W E R :  B

Autism is a poorly understood psychiatric disorder that 
manifests in multiple fashions, most centrally as an 
inability to develop interpersonal relationships as 
considered normal in a given culture. Associated findings 
may include developmental delay, seizures, and culturally 
inappropriate behaviors but are not central to the diagno-
sis. Behaviors vary among autistic patients and could be 
largely considered as either hyperreactive or hyporeac-
tive. Among hyperreactive patients, it is paramount that 
the anesthesiologist inquire about triggers for patients in 
order to provide a safe environment. Likewise, it is impor-
tant to distinguish hyporeactive behaviors because they 
mimic common perioperative issues such as hypoglyce-
mia, anesthetic overdose, and hypothermia. Currently no 
curative treatment exists for autism. Life span is normal 
with continuation of childhood symptoms into adult-
hood being relatively common.

Substantial consideration must be given to the details 
of the operative experience when the patient is autistic in 
order to deliver the safest experience possible. Details such 
as lighting, stimulation, calming techniques, and agita-
tion triggers are most easily explored with the parent. In 
addition, child life specialists are tremendously helpful in 
this arena, freeing the anesthesiologist to devote mental 
resources to medical concerns such as preoperative sedation 
and pain control.

Emergence from general anesthesia is a particularly dif-
ficult time for autistic patients. Changes in sedation level, 
coupled with abrupt changes in location, present a challenge 
to all children, but these are particularly challenging for 
autistic children. Coupled with surgical pain, temperature 
changes, and hunger, emergence and transition through the 
postanesthetic care unit can be a time of particular diffi-
culty with autistic patients.

K E Y FAC T S

• Autism is a poorly understood psychiatric disorder 
that manifests in multiple fashions, most centrally as 
an inability to develop interpersonal relationships as 
considered normal in a given culture.

• Behaviors vary among autistic patients and could 
be largely considered as either hyperreactive or 
hyporeactive. For hyperreactive patients, it is important 
to explore the triggers for agitation (lighting, touch, 
sounds, etc.) and calming techniques from the parents.

• Coupled with surgical pain, temperature changes, 
and hunger, emergence and transition through the 
postanesthetic care unit can be a time of particular 
difficulty with autistic patients.
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4 .  A N S W E R :  D

Cerebral palsy (CP) is a nonprogressive neurologic disorder 
that is multifactorial in origin but is generally related to a 
variety of prenatal, perinatal, and postnatal insults. The 
disease process is not well understood, and contributing 
factors can range from prematurity to infection to intrace-
rebral hemorrhage. Perinatal asphyxia was once thought to 
be the most common etiology but is now believed to cause 
less than 10% of CP. The key feature of CP is a disorder 
of movement and posture. There may be varying degrees of 
mental retardation and developmental delay, depending on 
the etiology of the cerebral palsy. Multiple classification sys-
tems have been developed for CP; a commonly used system 
is based on the type of neurologic impairment (i.e., spastic, 
dyskinetic, atheoid, mixed). Spastic CP is the most com-
mon, accounting for 70% of cases.

Children with CP frequently have seizure disorders 
with an incidence of at least 30%. They are often on antiepi-
leptic drugs, in addition to antispasmodic medications, and 
withdrawal can trigger seizures as in this scenario. In the 
perioperative period it is important to review all medica-
tions and administer preoperatively, if necessary.
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Dexmedetomidine is an alpha-2 agonist often used as 
an adjunct for general anesthesia. It has potent sedative 
effects and provides analgesia, which can be opioid sparing. 
There have been no case reports of seizures/convulsions in 
humans.

K E Y FAC T S

• CP is a nonprogressive neurologic disorder that is 
multifactorial in origin but is generally related to a 
variety of prenatal, perinatal, and postnatal insults. It is a 
disorder of movement and posture, with varying degrees 
of mental retardation and developmental delay.

• Spastic CP is the most common, accounting for 70% 
of cases, and other types are based on the neurologic 
impairment (i.e., spastic, dyskinetic, atheoid, mixed).

• Children with CP frequently have seizure disorders with 
an incidence of at least 30%.
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5 .  A N S W E R :  C

Gastroesophageal reflux disease (GERD) is quite com-
mon in patients with cerebral palsy (CP) and clinicians 
often opt for an RSI prior to intubation. Due to CP being 
a neuromuscular disease, anesthesia trainees often assume 
depolarizing NMBs are contraindicated, but this is not 
true. There have been no case reports of hyperkalemia after 
succinylcholine administration despite many years of use. 
This is due to only minimal upregulation of ACh recep-
tors around the neuromuscular junction despite having 
spastic paresis.

Answers C (burns) and D (myopathy that is classic for 
Duchenne muscular dystrophy) represent conditions that 
may lead to hyperkalemia following succinylcholine use due 
to upregulation of ACh receptors.

Malignant hyperthermia (MH) is a condition involv-
ing abnormal intracellular handling of calcium, often 
related to the ryanodine receptor at the sarcoplasmic reticu-
lum. Succinylcholine is one of the known triggering agents 
and should be avoided in patients with a known or sus-
pected family history of MH, as in Answer B.

K E Y FAC T S

• Conditions that cause upper or lower motor neuron 
defects, burns, and prolonged immobilization can lead 
to upregulation of ACh receptors, causing hyperkalemia 
after succinylcholine use.

• Despite the neuromuscular disease, succinylcholine use 
does not seem to cause hyperkalemia in CP patients.

• If there is concern for malignant hyperthermia, 
succinylcholine should be avoided.
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6 .  A N S W E R :  A

Cystic fibrosis (CF) is an autosomal recessive disorder that 
affects 1 in 2000 Caucasian births in the United States and 
is the most common fatal inherited disease in white indi-
viduals. The genetic basis for the disease is a mutation in the 
CFTR gene on chromosome 7. This gene codes for a chlo-
ride transporter located on epithelial cells in several organs, 
including the lungs, pancreas, liver, and gastrointestinal 
tract. Decreased chloride transport results in decreased 
sodium and water transport into the luminal surface of the 
organs. This yields thick, dehydrated secretions that cause 
luminal obstruction with subsequent inflammation and 
scarring. The lungs are generally affected at a young age 
with decreased clearance of the thick secretions being the 
impetus for recurrent bacterial infections, with later find-
ings of bronchiectasis and emphysema. The lungs account 
for nearly 90% of the morbidity and mortality of CF.

The GI tract is affected with pancreatic exocrine insuf-
ficiency, poor GI motility, and altered enterohepatic cir-
culation. More than 90% of CF patients have pancreatic 
dysfunction, and most are prone to recurrent episodes of 
pancreatitis. Due to malabsorption and liver dysfunction, 
CF patients may have vitamin K deficiency and reduced 
levels of clotting factors II, VII, IX, and X.  The deficien-
cies would prolong the PT but generally not the PTT and 
would not affect platelet levels. In the absence of clinically 
significant bleeding, there are no screening labs that must 
be obtained prior to surgery, but one should keep vitamin 
K deficiency in mind when evaluating a patient with CF.

K E Y FAC T S

• CF is an autosomal recessive disorder that affects 1 
in 2000 Caucasian births in the United States and 
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is the most common fatal inherited disease in white 
individuals.

• Decreased chloride transport results in decreased 
sodium and water transport into the luminal surface of 
the organs, yielding thick, dehydrated secretions that 
cause obstruction with subsequent inflammation and 
scarring.

• Due to malabsorption and liver dysfunction, CF 
patients may have vitamin K deficiency and reduced 
levels of clotting factors II, VII, IX and X, causing a 
prolonged PT.
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7.  A N S W E R :  D

Down syndrome (Trisomy 21) is relatively common occur-
ring in 1:700–800 live births, and affected children may 
present for a variety of procedures. In addition to a com-
plete history and physical, one should concentrate on the 
airway examination. Brachycephaly, macroglossia, micro-
gnathia, hypotonia, and subglottic tracheal stenosis are 
common findings, which may make positioning, direct 
laryngoscopy, and successful intubation difficult. The nar-
rowed subglottic diameter makes postintubation croup 
more common, so consideration should be given to using a 
smaller endotracheal tube.

In addition to airway abnormalities, there may be con-
siderable laxity in the cervical spine, with both occiput-C1 
and C1-C2 instability having been described. Parents 
should be questioned about the child’s history of cervi-
cal spine instability, complaints of neck pain, inability 
to move the neck, gait abnormalities, sensorimotor defi-
cits, and bowel/bladder incontinence. The medical record 
should be reviewed for prior cervical spine films, which 
typically include lateral flexion-extension plain films. 
Symptomatic children are screened via radiographs 
between 3 and 5 years of age in accordance with recom-
mendations from the American Academy of Pediatrics, 
while the guidelines do not recommend routine radio-
graphs of asymptomatic children. The anesthesiologist 
should be careful to minimize neck hyperextension 
during mask ventilation or direct laryngoscopy, even in 
the absence of a history that suggests cervical instability. 
Positioning during the case should also be a point of con-
cern, particularly during head/neck procedures where the 
surgeon may ask for a position that could compromise the 
cervical spine.

K E Y FAC T S

• Down syndome (Trisomy 21) is a common occurrence 
and is likely to be encountered by a pediatric 
anesthesiologist.

• Airway abnormalities include brachycephaly, 
macroglossia, micrognathia, hypotonia, and subglottic 
tracheal stenosis.

• Cervical spine laxity may be present, and a focused 
history and physical as well as review of the medical 
record are important to avoid subluxation.

references

American Academy of Pediatrics. Health supervision for children with 
Down syndrome. Pediatrics. 2011;128(2):393–406.

Weaver, R.  Grey Jr., Tobin, Joseph R. “Opthalmology” in Cote C, 
Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and 
Children 4th ed. Philadelphia, PA: Saunders Elsevier; 2009:688–9.

Diu, Michelle W.; Mancuso, Thomas J. “Pediatric Disease” in Hines 
RL, Marschall KE, eds. Stoelting’s Anesthesia and Co-Existing 
Disease 6th ed. Philadelphia, PA: Saunders Elsevier; 2012:634–634.

8 .  A N S W E R :  C

Murmurs are often appreciated on children during pre-
operative examinations, and the pediatric anesthesiolo-
gist will frequently be tasked with guiding what, if any, 
diagnostic testing must be completed prior to undergoing 
surgery. In this scenario, the murmur likely represents a 
so-called innocent murmur. The term “innocent” implies 
that there are no cardiac abnormalities present; the mur-
mur is caused by flow through normal anatomic structures. 
Because these are flow dependent, they will change with 
position or maneuvers that alter venous return and car-
diac output. In contrast, a fixed murmur would imply a 
structural abnormality. Innocent murmurs are exclusively 
systolic, not graded more than III/VI on auscultation. 
A common example is Still’s murmur, which is low pitched 
and typically appreciated at the left lower sternal bor-
der without radiation across the precordium. A  Valsalva 
maneuver will greatly reduce the murmur or make it dis-
appear entirely. No clicks or other abnormal heart sounds 
can be appreciated with Still’s murmur. The rest of the 
physical exam, including the pulmonary exam, peripheral 
pulses, and signs of normal perfusion (e.g., capillary refill 
and skin color) should be normal.

The evaluation of the murmur should begin with a good 
history from the child’s parents. They should be questioned 
about the birth history, perinatal events, issues with feed-
ing, episodes of cyanosis, ability to perform physical tasks 
similar to children of their age, and any complaints from 
the child related to chest pain, syncope/presyncope, or dys-
pnea. A family history of significant heart disease should be 
elicited. Children with a completely normal history are less 
likely to have significant underlying cardiac pathology.
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In this case, the fact that the child’s movement changed 
the intensity of the murmur and her general state of 
well-being make an innocent murmur the most likely etiol-
ogy, and further workup is generally not required prior to 
anesthesia.

K E Y FAC T S

• Innocent murmurs are exclusively systolic, not graded 
more than III/VI on auscultation. A common example 
is Still’s murmur, which is low pitched and typically 
appreciated at the left lower sternal border without 
radiation across the precordium.

• The rest of the physical exam, including the pulmonary 
exam, peripheral pulses, and signs of normal perfusion 
(e.g., capillary refill and skin color) should be normal.
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9.  A N S W E R :  D

Though all of the choices are possible, hemoglobin (Hb) of 
10 g/dL represents a normal finding for an infant at 9 weeks 
of age. A term neonate typically has a hemoglobin level of 
17–18 g/dL. This is caused by very high erythropoietin 
(EPO) levels in fetal circulation due to the low oxygen ten-
sion in the uterine environment and the leftward position 
of the fetal hemoglobin-oxygen dissociation curve. The 
elevated EPO levels cause Hb levels considerably higher 
than in older children or adults. As oxygen levels rise in the 
neonate, there is a sharp decline in EPO and hematopoiesis 
is reduced. In addition, fetal hemoglobin (HbF) production 
is reduced as adult hemoglobin (HbA) production begins to 
rise. The nadir of the resultant anemia is generally seen at 
8–12 weeks of age with Hb levels in the 10–12 g/dL range. 
This is referred to as a physiologic anemia, indicating that 
normal physiology accounts for the laboratory values with-
out underlying pathology.

Of note, there are no guidelines that have established 
“safe” Hb levels for pediatric surgery. For routine cases not 
expected to cause significant bleeding, checking hemo-
globin in healthy children prior to surgery is generally 
not indicated. Several authors have studied preoperative 
Hb/Hct values in large numbers of children and found 
very low rates of anemia. Preoperative coagulation studies 
rarely delay surgery or change management; the utility of 
these tests is often questioned. Evidence also indicates that 

the abnormal lab values are often ignored without being 
followed by repeat studies or interventions to correct the 
abnormalities. In addition to adding to increasing health 
care costs, the unwarranted testing exposes the child to 
undue stress and needle sticks. Despite these findings, sig-
nificant numbers of physicians continue to order screening 
labs prior to surgery.

K E Y FAC T S

• Term neonates have elevated Hb levels in the 
15–20 g/ dL range.

• Due to reduced EPO levels and a reduction in HbF 
synthesis, Hb levels drop to 10–12 g/dL with the nadir 
in the 8- to 12-week range.

• A further workup for this physiologic anemia is not 
generally indicated.

• Routine laboratory testing for minor procedures is 
not warranted unless there are specific concerns to be 
addressed.
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10 .  A N S W E R :  A

The scenario represents normal development for a healthy 
child. Inquiring about the development of a pediatric patient 
is extremely important in assessing the child’s overall health 
status. One very commonly used screening method to assess 
development makes use of milestones as defined by the Denver 
Developmental Screening Test (DDST). The milestones 
are described in broad categories:  gross motor (e.g., sitting, 
standing), fine motor (pincer grasp, playing with blocks), lan-
guage (e.g., talking), and personal-social (e.g., smiling, separa-
tion anxiety, playing with others). The American Academy of 
Pediatrics recommends a developmental assessment using the 
milestones at 9 months, 18 months, and 30 months, but many 
practitioners assess aspects of developmental at all well-child 
visits. When used as a screening method, the sensitivity and 
specificity of the milestones are >70%.
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While the anesthesiologist may not frequently com-
plete a full developmental screening test, understanding 
the expected norms based on a child’s age will help in plan-
ning an anesthetic tailored to the child. This will make for a 
smoother induction, avoid postoperative behavioral issues, 
and potentially change the pharmacologic approach to the 
anesthetic. Behavioral and developmental delays are incred-
ibly common, present in 15%–18% of pediatric patients. 
It is important to remember that while missing a specific 
milestone may not affect an anesthetic plan, it may be a clue 
that a larger issue is present.

Table 8–1 in Nelson’s Essentials of Pediatrics, sixth edi-
tion (copyright 2011), is a good overview of the milestones 
and provides the salient information without excessive 
detail.
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11.  A N S W E R :  D

Preoperative anxiety and the need for proper psychosocial 
preparation represents one of the most important aspects of 
pediatric anesthesia. Up to 50% of all children undergoing 
anesthesia will have high levels of anxiety regarding the pro-
cess. In addition to stress on the child, this complicates the 
anesthetic induction and puts considerable distress on the 
parents. It may also lead to emergence agitation and post-
operative behavioral issues. Understanding the causative 
factors for preoperative anxiety will help identify those at 
risk and guide treatment. Children younger than 7  years 
generally experience more anxiety than older children, as 
the older children tend to develop coping mechanisms to 
deal with the anxiety. Several studies have demonstrated 
that shy, withdrawn children will experience more anxiety 
than other children their age. This makes it important to 
observe the child and question the parents regarding the 
child’s personality and reactions to stressful situations. 
A  history of a negative experience with anesthesia or sur-
gery will likely influence the preoperative anxiety as well, 
making it important to inquire about past anesthetic 
experiences.

Treatment of preoperative anxiety is typically mul-
timodal and should be tailored to the child. Research on 
the subject has been done for years, but no solid guidelines 
exist for treatment. Preoperative education (i.e., pamphlets, 
hospital tours, role playing) completed in the days before 
surgery is effective, but it must be timed well. One author 
reported that children who underwent preoperative 

preparation 5–7 days prior to surgery experienced low lev-
els of anxiety, whereas those who underwent the program 
24 hours preoperatively experienced the highest levels of 
anxiety. Distraction techniques such as music, television, 
and video games are also valuable methods for reducing 
anxiety.

Premedication is commonly used, with midazolam 
and clonidine being the best studied agents. Midazolam is 
effective due to its sedating and anxiolytic effects, as well as 
the anterograde amnesia that results from administration. 
A recent study reported satisfactory results in 75% of chil-
dren who were given oral midazolam preoperatively. Other 
studies have shown that there may be a higher incidence of 
postoperative behavioral issues, when midazolam has been 
administered, so one must be careful to use it only when 
indicated.

K E Y FAC T S

• Up to 50% of all children undergoing anesthesia will 
have high levels of anxiety regarding the process.

• Children younger than 7 years generally experience 
more anxiety than older children, as the older children 
tend to develop coping mechanisms to deal with the 
anxiety.

• Midazolam is effective due to its sedating and anxiolytic 
effects, as well as the anterograde amnesia that 
results from administration. A recent study reported 
satisfactory results in 75% of children who were given 
oral midazolam preoperatively.

references

Ghazal, Elizabeth A.; Mason, Linda J.; Cotè, Charles J. “Preoperative 
Evaluation, Premedication, and Induction of Anesthesia” in Cote 
CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 2009:39–46.

Davidson, Andrew; Howard, Kelly; Browne, William; Harbre, Walid; 
Lopez, Ursula. “Preoperative Evaluation and Preparation, Anxiety, 
Awareness, and Behavior Change” in Gregory GA, Andropoulos 
DB, eds. Gregory’s Pediatric Anesthesia. 5th ed. Hoboken, 
NJ: Blackwell; 2011:283–9.

Kain ZN, Mayes LC, Caramico LA. Preoperative preparation in chil-
dren: a cross-sectional study. J Clin Anesth. 1996;8(6):508–14.

Kogan A, Katz J, Efrat R, Eidelman LA. Premedication with mid-
azolam in young children: a comparison of four routes of adminis-
tration. Paediatr Anaesth. 2002;12:685–9.

Tan L, Meakin GH. Anaesthesia for the uncooperative child. Contin 
Educ Anaesth Crit Care Pain. 2010;10(2):48–52.

12 .  A N S W E R :  B

Parental presence during anesthesia has long been a topic of 
controversy. The benefits of parental presence are thought 
to minimize the need for premedication and to avoid the 
trauma and struggling that comes with separation from 
the parents. In addition, there may be more controversial 
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benefits like decreasing the child’s anxiety as well as the 
long-term stigma that is associated with surgery and anes-
thesia. It is clear that multiple studies have proven that 
parents and children generally prefer to be together during 
procedures, but this does not necessarily make it a desirable 
situation or one that has improved patient outcomes.

If parental presence is allowed, the patient and family 
must be counseled during the preoperative evaluation about 
the induction of anesthesia and how they can comfort their 
child. It must be stressed that being present is not a right 
but a privilege and the parent may be removed at any time 
if there is new or additional risk to the child. It is crucial 
to explain specific events during the process to decrease 
the anxiety parents may feel during the induction. After 
explaining to the parents what they might see during induc-
tion, it is not unusual for the parents to no longer wish to be 
present during induction. At no time should the parents be 
coerced or forced to be present in the operating room.

K E Y FAC T S

• The benefits of parental presence during induction over 
premedication is still a topic of debate.

• It is crucial to explain specific events during the 
induction process that are normal to decrease the 
anxiety parents may feel during the induction.
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13 .  A N S W E R :  D

This patient is exhibiting signs of SVC syndrome such as 
distended neck veins, facial swelling, and dyspnea. The 
underlying pathology, however, is vascular congestion 
resulting from compression of the SVC by the mass. This is 
one of the many unique anesthetic challenges that anterior 
mediastinal masses can create for anesthesiologists and thus 
they must be worked up in a logical manner.

An anterior mediastinal mass (AMM) can be primary 
or metastatic, with the most common being lymphoblastic 
lymphoma and Hodgkin’s lymphoma. Other less com-
mon tumors that may be the cause include teratomas, thy-
momas, parathyroid, mesenchymal, and thyroid tumors. In 
addition, because non-Hodgkin’s lymphoblastic lymphoma 
has a 12-hour doubling time, there often is a rush to obtain 
a tissue diagnosis and to begin treatment.

When evaluating a patient with an AMM, one should 
look for signs and symptoms of vascular and/or airway 
compromise, which may include dyspnea, pain, coughing, 

SVC syndrome, orthopnea, and/or pleural effusions. 
Patients should then undergo testing, which would include 
computed tomography (CT), echocardiography, and PFT 
test when feasible. Vascular and/or airway compression 
detected on a CT is associated with a high incidence of 
serious complication during the induction of anesthesia. 
Echocardiogram detects the compression of the SVC and 
the pulmonary outflow tract, while PFTs detect evidence of 
the dynamic compression of the airways.

Substantial effort should be made to obtain a tissue 
diagnosis using minimally invasive techniques such as 
lymph node biopsy or bone marrow biopsy, so that gen-
eral anesthesia can be avoided. If obvious signs of vascular 
and/or airway compromise exist, one must consider per-
forming the mediastinoscopy under local, initiating chemo/
radiation to shrink the tumor prior to induction or giving a 
short dose of corticosteroid therapy, which can also shrink 
the size of the tumor. These treatments are not without con-
sequence, however, and may actually make it more difficult 
to obtain an adequate amount of tissue for a diagnosis; thus, 
the oncologist may choose to avoid such an option.

K E Y FAC T S

• An AMM can be primary or metastatic, with the most 
common being lymphoblastic lymphoma and Hodgkin’s 
lymphoma.

• When evaluating a patient with an AMM, you should 
look for signs and symptoms of vascular and/or 
airway compromise, which may include dyspnea, pain, 
coughing, SVC syndrome, orthopnea, and/or pleural 
effusions.

• If obvious signs of vascular and/or airway compromise 
exist, one must consider doing the mediastinoscopy 
under local, initiating chemotherapy or radiation to 
shrink the tumor prior to induction or giving a short 
dose of corticosteroid therapy, which can also shrink the 
size of the tumor.
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14 .  A N S W E R :  C

Patients with anterior mediastinal mass (AMM) can have 
primary or metastatic disease, with the most common 
being lymphoblastic lymphoma and Hodgkin’s lym-
phoma. Other less common tumors that may be the cause 
of the patient’s pathology include teratomas, thymomas, 
parathyroid, mesenchymal, and thyroid tumors. In addi-
tion, because non-Hodgkin’s lymphoblastic lymphoma has 
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a 12-hour doubling time, there often is a rush to obtain a 
tissue diagnosis and to begin treatment.

When evaluating a patient with an AMM, one should 
look for signs and symptoms of vascular and/or airway 
compromise, which may include dyspnea, pain, cough-
ing, SVC syndrome, orthopnea, and/or pleural effusions. 
Patients should then undergo testing, which would include 
CT, echocardiography, and pulmonary function tests when 
feasible. Vascular and/or airway compression detected on a 
CT is associated with a high incidence of serious complica-
tions during the induction of anesthesia. Echocardiogram 
detects the compression of the SVC and the pulmonary 
outflow tract, while PFTs detect evidence of the dynamic 
compression of the airways.

Even if a patient has undergone testing and shows no 
evidence of vascular and/or airway compromise, severe air-
way and circulatory collapse may still occur with the induc-
tion of anesthesia. In light of this fact, it is recommended 
that an inhalational induction be performed with main-
tenance of spontaneous respiration. In addition, the use 
of continuous positive airway helps maintain functional 
residual capacity lost during the induction of anesthesia and 
may help keep the airway from collapsing. Elevating the 
patient’s head to 30–45 degrees may decrease the deleteri-
ous effects of supine positioning. Neuromuscular blockers 
decrease chest wall tone and should be avoided because 
this can increase the chance of airway compromise. Finally, 
some have advocated using heliox to decrease the airway 
resistance and to promote laminar flow.

One must be prepared for the chance of airway/vascular 
compromise should the event arise. In circumstances where 
this has occurred, quick repositioning to a prone or lat-
eral position can be lifesaving. In a situation where airway 
collapse is the main issue, placing a rigid bronchoscope 
distal to the point of obstruction may also be necessary. 
Finally, in catastrophic situations, it has been advocated to 
perform a median sternotomy and initiate cardiopulmo-
nary bypass. Cardiopulmonary bypass would, however, 
take some time to initiate and would be impractical unless 
access for partial bypass was done prior to the induction of 
anesthesia.

K E Y FAC T S

• Patients with AMM can have primary or metastatic 
disease, with the most common being lymphoblastic 
lymphoma and Hodgkin’s lymphoma.

• When evaluating a patient with an AMM, you should 
look for signs and symptoms of vascular and/or 
airway compromise, which may include dyspnea, pain, 
coughing, SVC syndrome, orthopnea, and/or pleural 
effusions.

• Severe airway and circulatory collapse can still occur 
with induction. It is recommended that an inhalational 

induction is performed with maintenance of 
spontaneous respiration.
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15 .  A N S W E R :  A

Latex allergy is extremely common and tends to develop 
after repeated exposures to latex through urinary cath-
eterizations, surgical gloves, and other products found in 
the hospital. While there has clearly been a more intensive 
effort at recognizing the significance of the problem and 
thus more products have become latex-free, latex still exists 
in many products and some facilities are unable to accom-
modate latex-free cases.

The first step in avoiding such a reaction is taking an 
adequate history and in particular looking for reactions 
with exposure to latex or rubber (toy balloon). Nearly 50% 
of patients with a latex allergy will have their first reac-
tion at the dentist’s office, where there is a tendency to use 
more latex-containing equipment. Finally, one should be 
cognizant of the link between spina bifida patients and an 
increased incidence of latex allergy, as with this patient.

The presentation of latex allergies is extremely variable. 
Some patients manifest with a simple contact reaction (type 
4), while others can manifest with anaphylaxis. These 
patients can manifest with variable degrees of rash, bron-
chospasm, and/or circulatory collapse. This reaction is due 
to a type 1 hypersensitivity reaction.

Treatment of an anaphylactic reaction involves quickly 
recognizing the problem and washing out the source of 
contamination. The patient should be given 100% oxy-
gen and volume loaded with a balanced salt solution 
(10–20 mL/kg) with additional boluses given to main-
tain blood pressure. Epinephrine should be given as soon 
as possible at 0.01–0.02 mg/kg and additional vasoactive 
medications used to maintain blood pressure. In addition, 
beta-agonists can be used to relieve bronchoconstric-
tion, corticosteroids to diminish mediator formation and 
release, and antihistamines (H1 and H2 antagonists) to 
block the action of histamine.

K E Y FAC T S

• Nearly 50% of patients with a latex allergy will have 
their first reaction at the dentist’s, where there is a 
tendency to use more latex-containing equipment.

• There is an association between spina bifida and an 
increased incidence of latex allergy.

• Anaphylaxis is a type 1 hypersensitivity reaction.
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16 .  A N S W E R :  B

Gastroesophageal reflux disease (GERD) is common in 
neonates and preterm infants, with up to 40% of new-
borns regurgitating their food. This is thought to be due 
at least partially to the inability to coordinate swallowing 
and respiration, which does not fully develop until about 
4–5 months gestational age. In addition, lower esophageal 
sphincter pressures are diminished and take 3–6 weeks to 
achieve adult levels. Neonatal duodenal maturity does 
not occur until 29–32 weeks and may be a relevant con-
tributor in the preterm infant. Finally, CNS changes may 
also contribute.

GERD must be initially differentiated from develop-
mental abnormalities such as pyloric stenosis, duodenal 
stenosis, annular pancreas, malrotation, tracheoesophageal 
fistula, and esophageal atresia. In general, developmental 
abnormalities usually present within the first 24–36 hours 
of life—upper intestinal abnormalities generally present as 
recurrent vomiting and regurgitation, while lower abdomi-
nal abnormalities present with abdominal distention and 
failure to pass meconium. The exception would be pyloric 
stenosis, which typically presents in the third week of life. 
The diagnosis of GERD often takes an accurate history and 
physical examination as well as one or more of the follow-
ing tests:  (1) barium swallow, (2) PH probe, (3) upper GI 
endoscopy, (4) gastric emptying study.

GERD in the infant and neonate typically presents 
with irritability, persistent vomiting, failure to thrive, 
and in severe cases hematemesis and anemia and can be 
occasionally complicated with stricture formation. In addi-
tion, reflux into the pulmonary system may lead to recur-
rent pneumonia, irritability, wheezing, and stridor.

K E Y FAC T S

• GERD is common in neonates and preterm infants, 
with up to 40% of newborns regurgitating their food.

• Developmental abnormalities usually present within 
the first 24–36 hours of life—upper intestinal 
abnormalities generally present as recurrent vomiting 
and regurgitation, while lower abdominal abnormalities 
present with abdominal distention and failure to pass 
meconium.

• GERD typically presents with irritability, persistent 
vomiting, failure to thrive, and in severe cases 
hematemesis and anemia, and can lead to recurrent 
pneumonia, irritability, wheezing, and stridor.
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17.  A N S W E R :  B

This question tackles many of the issues that are associ-
ated with patients with GER in the peri-induction period. 
Gastroesophageal reflux (GER) is common in neonates and 
preterm infants, with up to 40% of newborns regurgitating 
their food. In general, infants with the diagnosis are other-
wise healthy but may occasionally have concomitant devel-
opmental abnormalities. This is a more common scenario. 
It is also important to note that the risk of aspiration on 
induction is increased in all children that are developmen-
tally delayed, have had a previous esophageal surgery, 
have had a difficult airway, were obese, underwent trau-
matic injury, and have coexisting GER.

Whether the patient has GER or not, it is important to 
recognize the recommended fasting periods for elective sur-
gery in healthy patients and their limitations. Keep in mind 
that the goal of fasting is to reduce gastric volume and that 
because children are often induced via inhalation their risk 
for aspiration is often protracted. Table 20.1 shows recom-
mendations that are found in ASA practice guidelines.

Premedication for GERD and the prevention of aspi-
ration pneumonitis classically involves antacids, H2 antago-
nists, proton pump inhibitors, and gastrointestinal motility 
agents. Antacids work by increasing pH, and nonparticulate 
antacids should be used such as sodium citrate. Particulate 
antacids can cause a severe pneumonitis if aspirated and 
should be avoided. H2 antagonists work by inhibiting 
acid secretion in the gastric mucosa leading to increased 
pH and decreased residual volume. Proton pump inhibi-
tors work in a similar manner; however, no PPI has been 
approved in children below the age of 1  year. It is impor-
tant to recognize that H2 blockers and PPI need at least 
30 minutes to be effective and 45 minutes–1 hour for peak 

Table 20.1 asa recoMMendatIons 
for fastIng PerIods for electIve 
surgery

clears 2 hr

Breast milk 4 hr

Infant formula 6 hr

solids 8 hr

SOURCE: Reprinted with permission from Cote CJ, Lerman J, 
Todres ID, eds. A Practice of Anesthesia for Infants and Children. 
4th ed. Philadelphia, PA: Saunders Elsevier; 2009:167.
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effect. Promotility agents such as metoclopramide work 
by increasing lower esophageal tone, relaxing the pyloric 
sphincter, and promoting gastric motility while decreasing 
gastric volume. Metoclopramide works 1–2 minutes after 
IV administration. Table 20.2 shows the recommended 
dosing in the pediatric population.
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18 .  A N S W E R :  B

Asthma is a complicated disease process that is likely a fam-
ily of related disease processes which present with a com-
mon finding of wheezing.

Critical to the understanding of asthma is an apprecia-
tion that lower airway reactivity and spasm are merely 
components of the overall disease process. Inflammation 
is a critical component underlying intermittent broncho-
spasm. Chronic inflammation leads to loss of appropri-
ate bronchoalveolar interaction and permanent airway 
remodeling.

Therapy for asthma is directed at reducing under-
lying inflammation while controlling acute symptom-
atology. Beta agonists as well as ipratropium decrease 
smooth muscle contraction and thus reduce bronchospasm. 
Methylxanthines such as theophylline additionally reduce 
bronchospasm but are associated with toxicity and are 
becoming historical rather than practical. Corticosteroids, 
both inhaled and systemic, are commonly prescribed and 
used in asthmatic patients. These agents reduce swelling 
and are well tolerated but are associated with hypergly-
cemia, hypertension, and loss of endocrine homeostasis. 
It is useful to note that inhaled corticosteroids do induce 
systemic effects as the dose escalates in comparison to 
patient size. Infants may be at risk for systemic effects of 
inhaled corticosteroids. Leukotriene inhibitors and mast 

cell stabilizers are two final classes of agents commonly 
encountered in this patient population.

Immunoglobulin E–mediated atopy is a common find-
ing among asthmatics. Atopic asthmatics tend to have less 
well-controlled disease as compared to nonatopic patients. 
Nonatopic asthmatics may, in fact, have a subtly different 
pathophysiologic process from atopic asthmatics evidenced 
by the fact that nonatopic patients exhibit reduction of 
symptoms with age.

Asthmatics present with a variety of symptoms, ranging 
from subtle chest tightness to respiratory failure. Patient 
presentation may include air hunger, wheezing, acces-
sory muscle use, coughing, pneumothorax, mental status 
change, and prolonged expiration among other associated 
symptoms. Asthma, like other obstructive respiratory dis-
eases, does not manifest as prolonged inspiration.

K E Y FAC T S

• Asthma is a complicated disease that involves chronic 
inflammation and lower airway reactivity.

• It commonly presents with air hunger, wheezing, 
accessory muscle use, coughing, pneumothorax, mental 
status change, and prolonged expiration.

• Treatment includes beta-agonists, corticosteroids, 
leukotriene inhibitors, and mast cell stabilizers.
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19.  A N S W E R :  C

Infants and children as well as adults are fasted prior to 
operations to decrease gastric volume and minimize the 
risk of aspiration. The thinking behind this is that in the 
fasted child the only thing that would remain in the stom-
ach would be basal gastric secretions. The risk and incidence 
of aspiration in routine procedures without risk factors is 
small, and it is recommended that in children without addi-
tional risk factors be fasted for 2 hours after the consump-
tion of clear liquids. These recommendations come from 
studies that showed no additional decrement in risk when 
fasting a child greater than 2 hours. Clear liquids include 
water, fruit juices without pulp, carbonated beverages, 
clear tea, and black coffee. Finally, the gastric residual 
half-life of clear liquids is approximately 15 minutes, and 
this information could be used to guide additional fast-
ing time for patients with some risk factors. The benefits 
of fasting for 2 hours but not longer include a decreased 
risk for hypoglycemia, hypovolemia, decreased thirst, 

Table 20.2 PreMedIcatIon for 
gastroesoPhageal reflux and the 
PreventIon of asPIratIon PneuMonItIs 
dosIng In the PedIatrIc PoPulatIon

Bicitra 30 ml

Metoclopramide (prokinetic) 0.1–0.15 mg/kg

ranitidine (h2 antagonist) 2.0–2.5 mg/kg

famotidine (h2 antagonist) 0.3–0.4 mg/kg
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decreased hunger, decreased risk for hypotension on 
induction, and improved child cooperation.

Breast milk has a high lipid content, which delays gas-
tric emptying and can cause significant pulmonary injury 
if aspirated. Furthermore, studies have shown that gastric 
emptying times for breast milk when compared to clear 
liquids are substantially greater. In addition, gastric empty-
ing times for formula are substantially greater than breast 
milk. It is because of these studies that the ASA recom-
mended guidelines, as shown in Table 20.3.

reference

Ghazal, Elizabeth A.; Mason, Linda J.; Cotè, Charles J. “Preoperative 
Evaluation, Premedication, and Induction of Anesthesia” in Cote 
CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 2009:37–8.

2 0 .  A N S W E R :  B

The issues surrounding the child with upper respiratory 
infection have best been described as vexing. While man-
agement of children on the extreme ends of the infectious 
spectrum is fairly straightforward from the surgical plan-
ning perspective, the majority of children present with 
nuanced symptoms such as rhinorrhea.

Postponement of surgery is an option in children with 
any infectious symptomatology. Such a stance is, however, 
rather restrictive. Given that 20% to 30% of children will 
present with upper respiratory infection (URI) symptoms, 
the distinct possibility of another cold occurring during 
convalescence is present. Layering on top of this informa-
tion, the very nature of many pediatric surgeries is aimed at 
reducing the frequency and severity of infection. Examples 
of such surgery include adenoidectomy, tonsillectomy, and 
myringotomy. While postponing surgery 7 weeks (the time 
frame required for spirometry studies to normalize) will 

reduce the chance of respiratory complications, this is a 
practice that may not be compatible with real life and may 
even put the anesthesiologist in the position of postponing 
surgery that could ultimately break the cycle of infection.

Noninvasive airway management (mask or LMA) has 
demonstrated a benefit in reducing respiratory complica-
tions in the setting of URI. Interestingly, positive-pressure 
ventilation alone appears to increase the risk of respiratory 
complication in such patients, placing a premium on spon-
taneous ventilation.

While pharmacologic intervention is tempting for the 
patient with a URI, few medications have demonstrated a 
positive effect. Bronchodilators given preoperatively in oth-
erwise healthy children having minor surgery have shown 
no protective effect. Anticholinergics have shown little 
added benefit in this arena as well. Humidification of gasses 
as well as adequate vascular hydration have some benefit in 
reducing respiratory complications.

The nature of the surgery is distinctly important in 
the frequency of respiratory complications in children 
with a URI. Head and neck surgery as well as thoracic or 
intra-abdominal surgery is associated with more frequent 
respiratory complications in affected children.

A discussion of degree of illness is warranted. Viral 
respiratory illness appears to be less severe than bacterial 
illness. Discerning the difference between these two states 
is at times difficult. Generally speaking, presence of a pro-
ductive, moist cough is associated with more severe bac-
terial infection. Additionally, fever greater than 38.5°C, 
wheezing or rales on lung exam, and behavioral changes 
are associated with severe disease. In addition, formerly pre-
mature children and young (less than 1 year) children tend 
to have more severe responses to URIs and should be con-
sidered separately from the otherwise healthy children dis-
cussed thus far. Household smoking also appears to worsen 
the outcome in affected patients.

K E Y FAC T S

• Noninvasive airway management (mask or LMA) 
has demonstrated a benefit in reducing respiratory 
complications in the setting of a URI.

• Positive-pressure ventilation alone appears to increase 
the risk of respiratory complication in such patients, 
placing a premium on spontaneous ventilation.

• Fever greater than 38.5°C, productive cough, wheezing 
or rales on lung exam, and behavioral changes are 
associated with severe disease.
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Table 20.3 PreoPeratIve fastIng 
recoMMendatIons In Infants and chIldren

clear liquids* 2 hours

Breast milk 4 hours

Infant formula 6 hours†

solids (fatty or fried foods) 8 hours

*Include only fluids without pulp, clear tea, or coffee without milk products.

†Some centers allow plain toast (no dairy products) up to 6 hours prior to 
induction.

SOURCE: Reprinted with permission from Warner MA, Caplan RA, 
Epstein B. Practice guidelines for preoperative fasting and the use of 
pharmacologic agents to reduce the risk of pulmonary aspiration: application 
to healthy patients undergoing elective procedures: a report by the American 
Society of Anesthesiologist Task Force on Preoperative Fasting. Anesthesiology. 
1999;90:896–906.
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21.  A N S W E R :  A

Anesthetic risk for children differs from that of adult patients. 
In fact, adverse events (major and minor collectively) have 
been reported to occur in 35% of pediatric cases as compared 
to 17% in adult anesthesia. This difference in risk is multi-
faceted and includes patient characteristics as well as surgical 
characteristics. Children present a number of anatomic and 
physiologic challenges for the anesthesiologist. These chal-
lenges generally become more pronounced with decreasing 
patient age and size. Empirically, children 1  month of age 
and younger have been reported to have the highest rate of 
adverse event. Importantly, the same database that yielded 
this finding also reported that children under 1  month of 
age underwent cardiac and major vascular surgery more fre-
quently than did children in other age groups.

Particular organ systems appear to be more prone to 
adverse event than others. In a second database, respira-
tory adverse events accounted for 53% of all intraoperative 
events. Infants, patients undergoing ENT surgery, patients 
in whom the trachea was intubated, and patients with 
ASAPS scores of 3 and above were more likely to have a 
respiratory adverse event. Cardiac adverse events accounted 
for 12.5% of all such events. Nausea occurred in 6% of cases 
and appeared (in both databases) to occur in older children. 
Cohen reports that one third of 5-year-old patients experi-
enced vomiting in recovery.

K E Y FAC T S

• Adverse events have been reported to occur in 35% of 
pediatric cases, as compared to 17% in adult cases.

• Children 1 month of age and younger have been 
reported to have the highest rate of adverse event.

• Most adverse events are respiratory (53%) or cardiac 
(12.5%) in nature.
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2 2 .  A N S W E R :  C

Informed consent, a complicated concept for adult patients, 
is significantly more complicated in the arena of pediatrics 
because children are widely deemed to lack the cognitive, 
emotional, and decision-making skills required to partici-
pate alone through the consent process. Assent, however, 
is obtainable according to the child’s capability. A  “rule 
of sevens” aids in this assent process. Children younger 
than 7 years of age are typically incapable of assent due to a 

lack of decision-making ability. Between the ages of 7 and 
14 years, children may develop decision-making skills, but it 
is unlikely that a patient in this age range will reliably dem-
onstrate such skill. Children above the age of 14 years may 
reliably hold adequate decision-making skills. It is critical 
that the practitioner not confuse this ability with the abil-
ity to engage in informed consent because children of this 
age lack cognitive and emotional skills required to fully 
participate in the process of consent.

There are four fundamental steps to informed con-
sent. First, the patient or surrogate (often a parent) must be 
supplied adequate information to understand both his or 
her medical condition and the procedure planned for him 
or her. Second, the practitioner must assess the patient or 
surrogate for understanding of the information laid out 
in the first step. Third, the practitioner must assess the 
patient/surrogate for capacity (cognitive, emotional, and 
decision making) to engage in consent. Fourth, the practi-
tioner must deliver an assurance that the patient/surrogate 
may make the decision free of coercion.

Pediatric informed consent is further complicated by 
several unique situations. First, the surrogate may (and 
often does) ask the physician what the physician would do 
in a given setting. This question is fundamentally flawed 
because the child simply is not the physician’s. Any declara-
tive answer to this question is simply a guess. No physician 
knows his or her patient well enough to claim to know or 
understand all the complexity of the parent–child rela-
tionship. The best answer to this question will be one that 
addresses the goals that the family is attempting to 
achieve and the values they hold. Second, some children 
obtain emancipated minor status via the legal system. These 
individuals are typically adolescent and either married, 
parents, in the military, or economically independent 
of their parents for any of a variety of reasons. Each state 
handles these individuals and their rights uniquely, but 
in general they are recognized as holding the right to par-
ticipate in informed consent. Third, there exist religious 
and cultural differences between patients and families. Of 
common concern are children of Jehovah’s Witnesses. 
Without great detail, such families generally refuse blood 
transfusion. Practitioners may or may not agree with this 
choice. Furthermore, it is debatable whether the child must 
be treated as an informed practitioner of the religion or cul-
tural practice. Each clinician must decide on a case-by-case 
basis whether to support this decision. Consultation with 
representatives of the legal system prior to surgery may be 
wise prior to surgery if a conflict exists between the practi-
tioner and the family/patient regarding such religious and 
cultural norms and their impact on medical care.

K E Y FAC T S

• Children above the age of 14 years may reliably hold 
adequate decision-making skills, but they often lack 
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the cognitive and emotional skills required to fully 
participate in the process of consent.

• An emancipated minor (adolescents that are married, 
parents, in the military, or economically independent) is 
generally recognized as holding the right to participate 
in informed consent.

• Consultation with representatives of the legal system 
prior to surgery may be wise if a conflict exists between 
the practitioner and the family/patient regarding 
such religious and cultural norms and their impact on 
medical care.
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23 .  A N S W E R :  D

Lab testing and other studies such as EKG and lung func-
tion tests are certainly useful in aiding the assessment of 
the appropriate patient. Metabolic and electrolyte testing is 
useful in patients with disorders of the cardiac, gastrointes-
tinal, and genitourinary systems as well as patients receiving 
psychiatric medications. Blood counts are useful in the 
setting of significant blood loss and hematologic disor-
ders as well as children with oncologic disorders. More 
important than memorizing tests is that the practitioner 
arrive at a point where he or she understands why a test is 
being used and when it is warranted.

A fundamental understanding of the patient’s current 
physiology and the anticipated surgical procedure are essen-
tial in driving preoperative assessment. A  useful starting 
point is to obtain laboratory studies that will either (a) yield 
information regarding the patient’s current status, (b) alter 
further assessment (such as blood typing and screening for 
anemic patients), or (c)  alter the patient’s surgical plan-
ning (such as electrolyte testing for dehydrated patients).

A discussion regarding echocardiography in particular is 
warranted. In the context of congenital heart disease (CHD) 
it is often useful to obtain a recent echocardiogram. Given 
that children with CHD undergoing surgery often mani-
fest symptoms consistent with cardiac failure, visualization 
of current anatomy and function provides the practitioner 
a wealth of information. Cardiac failure in children may 
manifest much more obscurely than in adults. Simple failure 
to match peers in growth raises many questions regarding a 
neonate’s cardiac status. Rarely is the same true for adults. 
Given that cardiac dysfunction is difficult to diagnose clini-
cally in pediatrics, empiric evaluation via echocardiogra-
phy is frequently warranted. Children with cardiac disease 
often have undergone repeated echocardiography, which 
may be useful in assessment. A discussion with the patient’s 
cardiologist is often helpful to this end.

Given that the patient described in this question has no 
comorbidities and is undergoing a benign surgical procedure 
with little anticipated blood loss, no testing is warranted.
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2 4 .  A N S W E R :  C

Parent presence on induction of anesthesia (PPI) is a process 
of variable popularity that holds many potential advantages 
as well as disadvantages. Each practitioner and institu-
tion must carefully develop and adopt a position regard-
ing the practice of PPI; no national standard is available. 
Commonly, patient age comes under question in develop-
ment of such a plan. While it is intuitive that adult patients 
often do not require or request PPI, unique patients may 
benefit from PPI. Such patients may be developmentally 
delayed or even demented, calling into question the appro-
priateness of more broad practices such as family present 
induction for the elderly.

Both benefits and challenges exist in regard to PPI. 
Potential benefits include a lessened requirement for preop-
erative sedation medications, less frequent emergence delir-
ium, and a more benign induction process. Importantly, 
data regarding these benefits are mixed, and it cannot be 
conclusively stated that these benefits in fact exist across all 
patients. Disadvantages of PPI include requirement of addi-
tional staff, possible disruption of the operating room and 
sterile area, and harm either to or inflicted by the parent. 
The parent, it must be recognized, is not an inert cog in this 
machine but brings with him or her a degree of unpredict-
ability. The parent must be counseled regarding what will be 
seen in the operating room and what each individual’s role 
is in the event of an emergency, parent included. Beyond the 
possibility that the parent may disrupt the operative envi-
ronment, the operative environment may harm the parent! 
Data exist describing elevations in heart rate, blood pres-
sure, and skin conductance in parents participating in PPI. 
While no harm has been reported to parents during PPI, it 
is important that practitioners fully recognize the gambit of 
outcomes that may develop in the context of PPI.
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25 .  A N S W E R :  D

Psychosocial preparation of the pediatric patient is multi-
faceted in regard to both breadth and patient applicability. 
Common techniques aim at creating trusting relationships 
with health care providers, using age-appropriate terminol-
ogy, and developing coping skills.

Of interest, patient age is an important consideration 
in psychosocial preparation programs. The fundamental 
consideration appears to be the child’s ability to discern 
between fantasy and reality. At approximately 3 years of 
age, children become able to differentiate between these 
two states. With this development, the child becomes able 
to benefit from simulation meant to prepare him or her for 
upcoming surgery. As such, children younger than 3 years 
may not benefit from such programs.

Older children demonstrate an interesting nuance to 
preparatory programs as well. Children aged 6  years and 
older have demonstrated an increase in anxiety leading up 
to the date of preoperative preparation. In fact, this anxi-
ety peaked in the days surrounding such preparation and 
fell below baseline levels 5 days following preparation. 
Given this trend, it is critical that older children be sched-
uled for preparation a week in advance of surgery.

Regarding a parent’s influence on a child’s level of anxi-
ety, it is not surprising that the values positively correlate. 
Anxious parents beget anxious children. Preparation must 
include the family in addition to the patient. Furthermore, 
ideal preparation will clearly convey to the parent how 
directly their state of mind influences that of their child.

Children who have been hospitalized in the past are a 
unique population. A trend toward an enhanced emotional 
response to hospitalization is present in children who 
have been hospitalized in the past. A prior negative medi-
cal experience additionally promotes anxiety. Appropriate 
preparation for such patients may be best targeted at spe-
cific experiences.
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2 6 .  A N S W E R :  B

Cerebral palsy, a static encephalopathy, is the most com-
mon childhood movement disorder (Table 20.4). Cerebral 
palsy has an incidence of 1/7000 births and a prevalence 
of 1/5000. Often there are no identifiable risk factors, and 
the diagnosis is made when a patient exhibits delayed motor 
development. Despite the static nature of neurologic dam-
age, the clinical picture for this disease state is variable 
and may change. It is thought that insults to the imma-
ture CNS or congenital anomalies cause cerebral palsy, as 
birth asphyxiation, prematurity, and intrauterine growth 
retardation are known associations. Approximately 75% 
of cases involve in utero insults to the immature CNS, 
10% of cases occur during birth, and the remaining 15% 
of cases occur shortly after birth. Despite immature CNS 

Table 20.4 cereBral Palsy

TYPE/ETIOLOGY MOTOR DEFICIT DISTR IBUTION COMPLICATIONS

Hypotonic
syndromic
dysgenesis
Insult: hypoxia-ischemia

low axial tone
variable limb tone
deep tendon reflexes usually 
increased

diffuse learning disability
contractures
epilepsy
feeding dysfunction
hearing/vision impairment
respiratory infections

Spastic
Insult: hypoxia-ischemia, 
vascular

Increased tone: pyramidal type
Increased deep tendon reflexes

Monoparesis
diparesis
hemiparesis
triparesis
tetraparesis

Choreoathetoid
Insult: hypoxia-ischemia; 
neonatal hyperbilirubinemia; 
metabolic

Involuntary movement: often 
a mixture of chorea athetosis 
dystonia

May be diffuse (tetraparesis) or 
confined to one or more limbs

often coexists with spasticity

hearing impairment
contractures
Intellect often maintained

Ataxic
cerebral dysgenesis

ataxia usually generalized 
truncal and limb

May coexist with spasticity

May be diffuse but often associated 
with diparesis

few, may be mild

SOURCE: Reprinted with permission from: Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and Children. 4th ed. Philadelphia, 
PA: Saunders Elsevier; 2009:493.
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injury, cognitive impairment is not a consistent feature of 
cerebral palsy.

Cerebral palsy is classified according to its severity, dis-
tribution, and nature of motor deficit. The four major classi-
fications of cerebral palsy are spastic, athetoid or dyskinetic, 
ataxic, and mixed. Without the normal gravitational 
muscular stresses, abnormal skeletal muscle development 
ensues, and patients with cerebral palsy often require multi-
ple orthopedic surgeries to loosen tight muscles and joint 
contractures, and to straighten abnormal long bone twists 
and kyphoscoliosis.

Although severe scoliosis compromises respiratory 
reserve, idiopathic scoliosis by itself is not strongly associ-
ated with impaired oromotor function or recurrent aspira-
tion pneumonia.

Similarly, pulmonary reserve is compromised in 
patients with cystic fibrosis (CF), but severe CF does not 
affect oromotor function. Rather, severe CF disrupts elec-
trolyte transport in epithelial cells of sweat ducts, airway, 
pancreatic duct, intestinal, biliary tree, and vas deferens. 
Although Trisomy 21 is associated with duodenal atresia 
and generalized hypotonia, severe cerebral palsy is more 
often associated with severe seizure disorder, impaired 
bulbar function, and recurrent aspiration pneumonia. 
With severe bulbar dysfunction, some patients with cere-
bral palsy have difficulties feeding and speaking. Coupled 
with significant gastroesophageal reflux disease and poor 
laryngeal reflexes, patients with cerebral palsy can have 
recurrent aspiration pneumonia and subsequent reduced 
pulmonary reserve.
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27.  A N S W E R :  C

Cystic fibrosis (CF) demonstrates autosomal recessive 
inheritance and occurs in 1/2000 Caucasian births. The 
pathophysiology for CF involves chronic infection, 
mucus plugging, inflammation, and epithelial injury, 
as the mutation in the gene encoding CF transmembrane 
conductor regulator disrupts electron transport via chlo-
rine channel in various epithelial cells. This renders CF 
patients to the symptoms of productive cough, hemop-
tysis, recurrent respiratory infections, atelectasis, and 
maldigestion.

Treatment for CF focuses on nutritional reple-
tion with high-calorie diets, continuation of pancreatic 
enzyme replacement, and fat-soluble vitamin supple-
ments; and relief of airway obstruction, including pre- and 
postoperative bronchodilator use, incentive spirometry, 
postural drainage, and pathogen-specific antibiotics 
for lung infection. Other areas currently being evaluated 
for treatment of CF include anti-inflammatory medication 
and lung transplant. Answer A is incorrect because preop-
erative bronchodilators should be continued to optimize 
postoperative outcomes. Answer B is incorrect because 
pathogen-specific antibiotics should be administered. In 
addition, prophylactic broad-spectrum antibiotics may har-
bor multidrug resistance. Answer D is incorrect because 
postoperative outcomes are optimized when CF patients 
continue high-calorie diets, coupled with replacement of 
pancreatic enzymes and fat-soluble vitamin supplements.

references

Firth P, Haver K. “Essentials of Pulmonology” in Cote CJ, Lerman J, 
Todres ID, eds. A Practice of Anesthesia for Infants and Children. 4th 
ed. Philadelphia, PA: Saunders Elsevier; 2009:233–5.

Holzman RS, Mancuso TJ, Sethna NF, DiNardo JA. “Respiratory 
System” in Holzman RS, Mancuso TJ, Sethna NF, DiNardo JA, 
eds. Pediatric Anesthesiology Review. New  York, NY:  Springer; 
2010:48–9.

2 8 .  A N S W E R :  B

The best way to prevent latex allergy is to remove latex 
from hospitals. To this end, many children’s hospitals are 
converting to completely latex-free environments. Latex 
allergy is IgE mediated, and clinical diagnosis requires a 
high index of suspicion.

The following individuals are at increased risk of ana-
phylaxis to latex:  children with neural tube defects such 
as spina bifida and myelomeningocele, children with 
urinary tract anomalies requiring frequent bladder cath-
eterization, children with an immunologic predisposition, 
children undergoing multiple surgical procedures, individ-
uals with an allergy to tropical fruits such as banana and 
kiwi, and health care workers exposed to latex.

Although it has been demonstrated that pretreatment 
with antihistamine and corticosteroid can prevent a reac-
tion to intravenous contrast, these preventative treatments 
do not reliably prevent anaphylaxis to latex. Thus, Answers 
A and C are incorrect.

If anaphylaxis is clinically suspected, the most impor-
tant treatment is intravenous epinephrine (1–10 µg/kg) 
to prevent further mast cell degranulation. In addition, 
the offending agent should be removed or diluted, 100% 
oxygen should be administered, the patient should be intu-
bated if not already, acute volume loading should occur, and 
the patient may require an infusion of epinephrine or other 
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vasoactive mediations to support the patient’s blood pres-
sure. If possible, a blood sample should be sent for mast cell 
tryptase test to confirm anaphylaxis, but this is certainly 
not the first or most important step in treating anaphylaxis.
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29.  A N S W E R :  D

Pediatric anterior mediastinal masses may be primary or 
metastatic tumors of the lung, mediastinum, and pleura. 
Associated signs and symptoms are typically due to air-
way or vascular compression and include stridor, dys-
pnea, orthopnea, cough, pain, pleural effusion, and SVC 
syndrome. This patient demonstrates dyspnea, orthopnea, 
cough, and SVC syndrome.

Preoperative CT scan, cardiac echocardiogram, and 
pulmonary function tests should be obtained for anterior 
mediastinal masses. However, this question asks which 
preoperative study is most appropriate to detect dynamic 
airway compression. A plain chest X-ray does not detect 
dynamic airway compression. Images from CT scan are 
static and may not necessarily identify dynamic airway 
compression, which may occur with the induction of gen-
eral anesthesia. Cardiac echocardiogram can show SVC 
or pulmonary outflow tract compression, but flow-volume 
studies are most effective in detecting evidence of dynamic 
airway compression. Depending on the location of this 

anterior mediastinal mass, this patient may demonstrate 
extrathoracic or intrathoracic variable or fixed obstruc-
tion, and this would be apparent on flow-volume studies 
(see Fig. 20.1).
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3 0 .  A N S W E R :  A

Although potential symptoms of a URI and a potential 
difficult airway should alert any pediatric anesthesiologist, 
the cardiovascular assessment of this patient with Williams 
syndrome supersedes other perioperative concerns. With 
only rhinorrhea and a dry cough, some would argue that 
this child does not have an active URI. Micrognathia with 
prominent incisors does not necessarily equate with diffi-
cult airway, but it would be prudent to have advanced and 
alternative airway equipment readily available to intubate 
this patient.

Williams syndrome occurs in 1/20,000 children and 
involves a deletion of chromosome 7, which alters the 
elastin gene. Patients with Williams syndrome have charac-
teristic elfin facies, outgoing personalities, endocrine abnor-
malities, mental retardation, growth deficiency, and altered 
neurodevelopment. Associated cardiovascular pathology 
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figure 20.1 Pulmonary function test from a child with an intrathoracic airway obstruction (vascular ring). (A)The flow-volume curve shapes suggest 
a fixed expiratory obstruction. The shape of the inspiratory link is normal; the expiratory flow limb is flattened on both the prebronchodilator 
and postbronchodilator flow-volume curves. (B) A magnetic resonance angiogram accompanies the flow loop. (C) Slit-like tracheal compression 
before repair. (D) Note the marked improvement in the tracheal lumen after division of the vascular ring. Post, postbronchodilator; Pre, 
prebronchodilator; Pred, predicted. (Reprinted with permission from Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and 
Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 2009:227.)
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includes valvular and supravalvular aortic stenosis, and 
coarctation of the aorta. These children also demonstrate 
arteriopathy that may involve the origin of the coronary 
arteries.

Children with Williams syndrome are predisposed to 
increased anesthetic morbidity and potential mortality in 
the form of coronary artery stenosis and severe biven-
tricular outflow tract obstruction, which may occur with 
the induction of general anesthesia. The need for surgery 
and general anesthesia should be seriously considered, and 
thorough cardiac evaluation should be pursued, with special 
attention to cardiac echocardiogram (Fig. 20.2) and, if pos-
sible, cardiac catheterization data. With potential coronary 
artery stenosis in the setting of aortic stenosis with already 
compromised coronary artery filling during diastole, this 
patient is at a greatly increased risk of cardiac morbidity and 
mortality with anesthesia.

K E Y FAC T S

• Williams syndrome occurs in 1/20,000 children and 
involves a deletion of chromosome 7, which alters the 
elastin gene.

• Associated cardiovascular pathology includes valvular 
and supravalvular aortic stenosis, and coarctation of 
the aorta.

• Children with Williams syndrome are predisposed to 
increased anesthetic morbidity and potential mortality 
in the form of coronary artery stenosis and severe 
biventricular outflow tract obstruction, which may 
occur with the induction of general anesthesia.
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31.  A N S W E R :  A

Many children with congenital heart disease will present for 
noncardiac surgeries, so pediatric anesthesiologists should 
be well versed in the appropriate hemodynamic goals and 
appropriate management of these patients. This scenario 
presents an urgent case where a young boy may lose a testis 
if his testicular torsion is not corrected in a timely manner.

Tetralogy of Fallot (TOF) is the most common cya-
notic cardiac condition and is characterized by the tet-
rad of pulmonary stenosis, right ventricular outflow tract 
obstruction, overriding aorta, and ventricular septal defect 
(Fig. 20.3). With TOF, right-to-left shunt results in cya-
nosis, and these patients are prone to “tet spells” or hyper-
cyanotic episodes. Tet spells occur when pulmonary blood 
flow is decreased in patients who already have significant 
right ventricular outflow tract obstruction. Crying and 

figure 20.2 Echocardiogram displaying the classic supravalvar aortic 
narrowing in a patient with Williams syndrome (arrows). Ao V, aortic 
valve; Asc Ao, ascending aorta.
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figure 20.3 Tetralogy of Fallot. This diagram shows the features of the 
tetralogy: VSD, overriding aorta, right ventricular hypertrophy, and 
pulmonary stenosis. Shown here is both pulmonary and subpulmonary 
obstruction. The result is right-to-left shunting resulting in cyanosis. 
AVC, superior vena cava; RA, right atrium; RV, right ventricle; LA, left 
atrium; LV, left ventricle; PA, pulmonary artery; Ao, aorta. (Reprinted 
with permission from: Cote CJ, Lerman J, Todres ID, eds. A Practice of 
Anesthesia for Infants and Children. 4th ed. Philadelphia, PA: Saunders 
Elsevier; 2009:348.)
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inadequate depth of anesthesia are known triggers for tet 
spells and exacerbate right-to-left shunting.

Nonpharmacological treatment of tet spells includes 
Valsalva maneuvers and assuming the squatting position. 
Further treatment of tet spells includes increasing anes-
thetic depth, systemic vascular resistance, intravascu-
lar volume, and inspired oxygen concentration. SVR is 
typically increased pharmacologically with phenylephrine. 
Crystalloid or colloid may be used to increase intravascu-
lar volume. Patients already under general anesthesia may 
also benefit from lowered inspiratory ventilator pres-
sures or beta blockade, as these decrease pulmonary vas-
cular resistance and infundibular spasm, respectively.

With regard to the answer choices listed, oral midazolam 
has great bioavailability, but it requires a cooperative patient 
and 10–15 minutes for maximal sedating effects. With supple-
mental oxygen, this benzodiazepine will sedate the child so he 
will separate from his parents easily and tolerate mask induc-
tion, all within the safe time frame to begin this urgent surgery.

The sympathomimetic effects of intramuscular ket-
amine and the intramuscular route of administration are 
not ideal in this situation. Although an argument could be 
made that intramuscular ketamine will sedate the child, 
the intramuscular route of administration will likely cause 
more crying, and the sympathomimetic properties of ket-
amine may worsen infundibular spasm in this child having 
a hypercyanotic episode.

Further attempts at awake peripheral intravenous place-
ment are also likely to cause additional pain and crying in 
this patient, who is already experiencing a hypercyanotic 
episode. Although increasing intravascular volume is part 
of the management strategy for this patient, it is more 
important to increase the patient’s level of sedation and 
provide increased inspired oxygen content in a timely man-
ner. It would be irresponsible to not immediately treat this 
patient who requires urgent surgery.
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32 .  A N S W E R :  B

A TOF patient having a hypercyanotic episode, no intra-
venous access, and presenting for urgent surgery demands 
thoughtful perioperative consideration. The urgency of this 
surgery should be reiterated, as the patient’s torsed testis 
may potentially be saved if its blood supply is restored soon. 
Most testes can be saved if surgery is performed within 
6 hours of the onset of pain. This salvage rate decreases to 
50% if surgery is performed between 6 and 12 hours of the 
onset of pain.

Patients with testicular torsion should be considered to 
have full stomachs. To safely anesthetize this TOF patient 
with a full stomach, no intravenous access, and an urgent sur-
gery requires balancing of anesthetic goals. The most impor-
tant considerations are to increase depth of anesthesia and 
inspired oxygen concentration in a timely and safe manner.

Although inhalation induction will likely be slower in 
this patient because of reduced pulmonary blood flow 
given his TOF physiology, the best way to attenuate this 
child’s tet spell with the given answer choices is to increase 
FiO

2
 and inhaled concentration of sevoflurane. In efforts 

to prevent regurgitation of gastric contents, cricoid pres-
sure should be used during inhalation induction. After the 
induction of anesthesia, an intravenous should be quickly 
placed and the patient’s airway secured.

A eutectic mixture of local anesthetics (EMLA; 2.5% 
lidocaine and 2.5% prilocaine) requires 30 minutes to have 
maximal benefit, so this is not the best choice to relieve a 
tet spell in this patient already in the operating room, as 
there will not be enough time to allow this medication to 
work. If EMLA was not used, or a peripheral intravenous 
was placed prior to maximal effectiveness of EMLA, this 
patient would likely continue crying, which would worsen 
the infundibular spasm already associated with this 
hypercyanotic episode.

Similarly, an intramuscular dose of ketamine would 
increase the patient’s level of sedation but at the expense of 
worsening the hypercyanotic episode, as the intramuscu-
lar route of drug delivery would likely worsen crying and 
infundibular spasm because of pain and ketamine’s sympa-
thomimetic properties.

An inhalational induction could theoretically be 
expedited via second gas effect from nitrous oxide and 
sevoflurane, but decreased FiO

2
 is not congruent with 

the management strategy for a child having a tet spell, so 
Answer C is incorrect.
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33 .  A N S W E R :  B

Although tonsillectomy and adenoidectomy are commonly 
performed ENT procedures, it would be irresponsible for 
the anesthesiologist caring for this child to not know the 
extent of cardiac defect that this child has prior to adminis-
tering a general anesthetic.

Trisomy 21 was first described by John Langdon Haydon 
Down in 1887 and is the most common chromosomal 
abnormality. It has an incidence of approximately 1/800 
live births. Advanced maternal age is a known risk factor 
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for Down syndrome, and Down syndrome may affect up to 
4% of children born to women over the age of 40.

Roughly 40%–50% of patients with Down syndrome 
have some sort of cardiac abnormality. These range from 
innocent childhood murmurs to complete atrioventricu-
lar septal defects (AVSDs). Atrioventricular septal defects, 
or endocardial cushion defects, may be partial or complete. 
Complete AVSDs typically consist of a large septal defect 
with atrial and ventricular components and a common atrio-
ventricular valve, and may include conduction abnormalities.

Although a plain chest X-ray may give information 
regarding cardiomegaly, which may reflect congestive heart 
failure, this preoperative study does little to confirm the 
patient’s functional or cardiovascular status and is more use-
ful when compared to prior imaging. Moreover, congestive 
heart failure is not suspected in this patient who is growing 
well and has no sweating or cyanotic episodes with feeds.

Similarly, a cardiac stress test is unlikely to yield sub-
stantial clinically important data, as there are no immedi-
ate concerns regarding myocardial ischemia in this child. 
A cardiac stress test would be more pertinent in a patient 
with coronary artery abnormalities, aortic stenosis, or 
exercise-induced arrhythmias.

Based on the pertinent history obtained by the parents, 
this child does not have overt signs of congestive heart fail-
ure, as she feeds well and does not sweat or become cyanotic 
with feeds. Children with congestive heart failure may have 
nasal flaring, grunting with respirations, chest retrac-
tions, poor feeding and growth, and diaphoresis.

The most appropriate answer selection is to clarify the 
child’s cardiac defect and physiology by obtaining an EKG 

and cardiac echocardiogram. This information should be 
used to tailor this child’s anesthetic, as a Down syndrome 
patient with complete atrioventricular septal defect may 
have severe pulmonary hypertension, may have severe 
conduction abnormalities, and may require inotropic sup-
port (Fig. 20.4). Elucidation of the extent of this patient’s 
cardiac defect affects anesthetic technique and postopera-
tive recovery placement.

Additional cardiovascular concerns for Down syn-
drome patients include the propensity for bradycardia 
with the induction of general anesthesia, and the potential 
for pulmonary hypertension, either from cardiac pathol-
ogy or chronic hypoxia from upper airway obstruction, 
especially in this patient who also has severe obstructive 
sleep apnea.

Other major perioperative concerns for Trisomy 21 
include airway and vascular access concerns. Patients with 
Trisomy 21 often have chronic pulmonary infections, mac-
roglossia with anterior, smaller airways, the potential for 
atlanto-occipital dislocation, increased incidence of 
postextubation stridor, and potential for difficult vascu-
lar access.

K E Y FAC T S

• Roughly 40%–50% of patients with Down syndrome 
have some sort of cardiac abnormality.

• Children with congestive heart failure may have nasal 
flaring, grunting with respirations, chest retractions, 
poor feeding and growth, and diaphoresis.
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figure 20.4 (A) Diagram of ventricular septal defect showing left-to-right shunt. (B) Diagram of complete atrioventricular septal defect (AVSD) 
with great vessels removed showing left-to-right shunt through both atrial and ventricular components of the defect and also a single common 
atrioventricular valve. RA, right atrium; RV, right ventricle; LA, left atrium; LV, left ventricle; PA, pulmonary artery; Ao, aorta. (Reprinted 
with permission from: Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants and Children. 4th ed. Philadelphia, PA: Saunders 
Elsevier; 2009:346.)
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• Additional cardiovascular concerns for Down syndrome 
patients include the propensity for bradycardia with the 
induction of general anesthesia and the potential for 
pulmonary hypertension, either from cardiac pathology 
or chronic hypoxia from upper airway obstruction.
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3 4 .  A N S W E R :  D

Patients with autism spectrum disorder have a unique set 
of perioperative concerns. Disease states along the autism 
spectrum include milder forms like Asperger’s syndrome 
and severe autism, which may be associated with schizo-
phrenia. When assessing patients with autism spectrum 
disorders preoperatively, the patient’s cognitive capacity 
and potential effects of psychiatric medications should be 
considered.

Answer A  is not the most reliable method of induc-
ing general anesthesia because intravenous placement is 
often one of the most challenging aspects of pediatric 
anesthesiology, especially for an awake autistic teenager 
who will not even allow caretakers to brush his teeth. This 
patient likely will not cooperate with an awake intravenous 
placement.

Similarly, inhalational induction is not always reli-
able in this patient population. Parental presence or use of 
familiar comfort devices such as headphones may ease an 
autistic patient and make an inhalational induction pos-
sible, but this is not the most reliable means of inducing 
general anesthesia in this patient either.

Although oral midazolam has good bioavailability, it 
requires a cooperative patient who will reliably ingest this 
potentially bitter-tasting medication, and it requires 10–15 
minutes to work. If this patient does not take the com-
plete oral dose of midazolam or spits it out, as may occur 
with severely autistic children, then this medication will 
not work. So Answer C is not the most reliable method of 
inducing general anesthesia for this child.

Given these answer choices, the most reliable way to 
induce general anesthesia with this severely autistic patient is 
with intramuscular premedication with ketamine, then 
inhalational induction with sevoflurane after the patient 
is sedated. Alternatively, one could also place a peripheral 
intravenous once the patient is adequately sedated, then 
proceed with an intravenous induction. Dosing of intra-
muscular ketamine should take into account the antici-
pated length of surgery, so as to avoid prolonged hospital 
recovery or time to discharge from overzealous ketamine 
administration.
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35 .  A N S W E R :  B

Teenagers having surgery are commonly anxious; judicious 
use of preoperative anxiolytics may allay this nervousness. 
Oral or intravenous anxiolytics may be administered in 
the preoperative area. Although important to ensure the 
smooth induction of a general anesthetic, anxiolysis is not 
the most important concern for this patient and her upcom-
ing major surgery.

Thoughtful discussions of blood conservation strategies 
are the most important part of this patient’s perioperative 
discussion and would have ideally begun weeks prior to this 
scheduled surgery. Had this discussion begun weeks prior, 
then the patient could have been started on erythropoi-
etin and iron supplements to increase her production of 
red blood cells.

Major blood loss can occur with posterior spinal sur-
gery because of bleeding from epidural vessels during the 
posterior surgical approach. Proper positioning of patients 
in the prone position without undue abdominal pressure 
will avoid venous congestion and may minimize intraop-
erative blood loss attributable to positioning. Other poten-
tial strategies to prevent or limit blood loss in a Jehovah’s 
Witness include the aforementioned preoperative iron and 
erythropoietin supplementation, appropriate prone posi-
tioning, intraoperative cell savage, use of colloid volume 
expanders, use of antifibrinolytics epsilon aminocaproic 
acid (EACA, Amicar) or transexamic acid, maintenance 
of normothermia, surgical use of fibrin glue, and staged 
surgery or agreeing to stop surgery after a predefined total 
blood loss or hematocrit have been determined.

Some Jehovah’s Witness patients are agreeable to intra-
operative cell savage so long as the entire system remains 
in continuity with their vasculature. Whether or not this 
patient and her family agree to cell savage is an important 
aspect of this patient’s surgical care that should be eluci-
dated preoperatively. Similarly, the potential use of albumin 
should be discussed preoperatively. Jehovah’s Witnesses 
may object to albumin because it is prepared from pools of 
human plasma, so other plasma expanders like the synthetic 
colloid hetastarch should be considered. Hetastarch may 
be associated with renal insufficiency in select patients, so 
its use is controversial.

Antifibrinolytics are lysine analogs that bind plasminogen 
and plasmin and effectively prevent fibrinolysis. They have 
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been shown to significantly decrease intraoperative bleeding 
in major surgeries like posterior spinal fusion and open heart 
surgery. Transexamic acid has 6 to 10 times the potency of 
epsilon aminocaproic acid and has a longer half-life.

Other blood conservation strategies for patients who 
are willing to accept transfusion of blood or blood prod-
ucts include preoperative autologous donation, acute 
normovolemic hemodilution, and deliberate hypo-
tension. Autologous blood units may be stored for up to 
42  days, but this is not a viable option for patients with 
ischemic heart disease or active infections. With acute 
normovolemic hemodilution, units of blood are removed 
at the beginning of surgery and replaced with crystalloid 
and colloid so that fewer red blood cells are lost per vol-
ume of blood lost during surgery. These units of blood 
are then available for transfusion toward the latter por-
tion of surgery. This strategy intentionally decreases 
the oxygen-carrying capacity and reduces the margin 
of safety to prevent cerebral and spinal cord ischemia. 
Deliberate hypotension is meant to decrease surgical 
bleeding by intentionally decreasing MAP. However, this 
technique may risk both cerebral and spinal cord ischemia 
and end-organ damage. Moreover, it is unknown exactly 
what minimum MAP is required or is safe, as lower MAPs 
also affect neuromonitoring signals.

Advances in neuromonitoring have made posterior 
spinal surgery safer, but no single neuromonitoring test is 
100% reliable. Somatosensory evoked potentials monitor 
the integrity of the dorsal columns, and motor evoked 
potentials monitor the integrity of the anterior motor por-
tion of the spinal cord. Motor evoked potentials have been 
associated with complications such as cognitive defects, sei-
zures, bite injuries, intraoperative awareness, scalp burns, 
and arrhythmias.

Neuromonitoring is affected by anesthetics, so a com-
monly employed balanced anesthetic technique includes 
infusions of propofol and fentanyl with <0.5 MAC of vol-
atile agent for these surgeries. If neuromonitoring signals 
are lost intraoperatively, another way to test the integrity 
of the patient’s neurologic circuitry is a wake-up test. For a 
wake-up test, the patient’s plane of anesthesia is lightened 
until the patient can follow simple directions and move 
all extremities to command. Once this was demonstrated, 
the plane of anesthesia would then be quickly deepened, 
and surgery would continue. This test requires a coop-
erative patient and only evaluates gross motor function. 
Potential complications of the wake-up test include extu-
bation, dislodgment of invasive lines, venous air embo-
lism, dislodgment of surgical instrumentation, patient 
injury from falling off the surgical frame, and intraopera-
tive awareness.

Idiopathic scoliosis does not automatically place this 
patient at an increased risk of malignant hyperthermia. 
Central core disease, King-Denborough syndrome, and 
Duchenne and other muscular dystrophies are associated 

with malignant hyperthermia, but idiopathic scoliosis is 
not (see Box 20.1).

Box 20.1 surgIcal and anesthetIc 
PrIncIPles of Bloodless MedIcIne 

ManageMent

Preoperative Assessment and Planning

Management of anemia
Management of anticoagulation and congenital and 
drug-induced coagulopathies
Prophylactic interventional radiology and embolization
Prescribing and scheduling of cell salvage apparatus
Restricted diagnostic phlebotomy

Intraoperative Blood Conservation

Meticulous surgical hemostasis
Blood salvage
Hemodilution
Pharmaceutical enhancement of hemostasis
Maintenance of normothermia
Surgical positioning to minimize blood loss and hypertension

Postoperative Blood Conservation

Blood salvage
Tolerance of anemia
Optimum fluid and volume management
Restricted diagnostic phlebotomy
Adequate analgesia, maintenance of normothermia
Maintain appropriate fluid resuscitation. Significant normo-
volemic anemia is well tolerated in hemodynamically stable 
patients.
In actively bleeding patients, the first management priority 
must be to stop the bleeding. Avoid attempts to normalize 
blood pressure until bleeding is stopped.
Prevent or treat coagulation disorders promptly.
Oral or parenteral iron may be used to improve iron stores. 
Exogenous erythropoietin therapy effectively increases red 
blood cell mass.

Hematology and Oncology

Aggressive exogenous erythropoietin therapy and iron ther-
apy for the prophylaxis of anemia
Individualized chemotherapy protocols to minimize hema-
tologic toxicity
Pharmacologic prophylaxis and treatment of bleeding
Tolerance of anemia
Restricted diagnostic phlebotomy

Source: From Miller RD, Eriksson LI, Fleisher L, Wiener-Kronish JP, 
eds. Miller’s Anesthesia. 7th ed. Philadelphia, PA:  Churchill Livingstone; 
2010:1791.
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K E Y FAC T S

• Blood preservation strategies include preoperative iron 
and erythropoietin supplementation, appropriate prone 
positioning, intraoperative cell savage, use of colloid 
volume expanders, use of antifibrinolytics epsilon 
aminocaproic acid (EACA, Amicar) or transexamic acid, 
maintenance of normothermia, surgical use of fibrin 
glue, and staged surgery or agreeing to stop surgery after 
a predefined total blood loss or hematocrit has been 
determined.

• Other blood conservation strategies include preoperative 
autologous donation, acute normovolemic hemodilution, 
and deliberate hypotension.
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3 6 .  A N S W E R :  B

The neonate introduced in the question stem has DiGeorge 
syndrome. If the clinical diagnosis of DiGeorge syndrome 
was not immediately made, the fact that this neonate 
requires omphalocele repair should prompt a thorough 
cardiac evaluation.

Omphalocele occurs in 1/6000 births and is com-
monly associated with congenital heart disease, bladder 
extrophy, and Beckwith-Widemann syndrome. The pri-
mary defect with omphalocele is a midline failure of gut 
migration from the yolk sac into the abdomen. Large fluid 
shifts often occur with omphalocele repairs, and although 
ensuring appropriate volume status and urine output are 
important, this is not as important as a thorough preopera-
tive cardiac evaluation for this patient with both DiGeorge 
syndrome and omphalocele.

DiGeorge syndrome, conotruncal face, and velocardio-
facial syndromes are encompassed by 22q11.2 deletion syn-
drome, which is also known as CATCH 22 syndrome. The 
acronym CATCH 22 includes cardiac defects, abnormal 
facies, thymic hypoplasia, cleft palate, and hypocalcemia, 
and involves deletions of chromosome 22.

DiGeorge syndrome occurs in approximately 
1/3000–5000 live births and is the second most common 
genetic cause of congenital heart defects. Patients with 
DiGeorge syndrome have a variety of congenital heart 

defects, including interrupted aortic arch, vascular rings, 
and hypoplastic left ventricle. The extent and magnitude 
of congenital cardiac defects must be elucidated preopera-
tively with cardiac echocardiogram to tailor the neonate’s 
appropriate anesthetic technique.

Approximately 60% of DiGeorge patients have charac-
teristic facial abnormalities, including small dysplastic ears, 
hypertelorism, short downward-slanted palpebral fissures, 
midface hypoplasia, retrognathia, high arched palate, and 
bifid uvula. These neonates often present with tetany and 
seizures from hypocalcemia. A detailed electrolyte evalua-
tion is helpful to confirm hypocalcemia in this patient who 
has seizures and tetany, but it is not the most important pre-
operative evaluation in this patient.

Large fluid shifts are often associated with major neo-
natal abdominal surgeries like omphalocele repair, but the 
distractor of potential transfusion of blood products in a 
hypocalcemic patient should not lead the reader to incorrectly 
choose Answer C instead of Answer B. Similarly, a focused 
airway examination is important, as the majority of patients 
with DiGeorge syndrome have dysmorphic facies and may 
have challenging airways, but the most important preopera-
tive evaluation of this patient is a thorough cardiac evaluation.

Patients with DiGeorge syndrome should be considered 
immunocompromised because thymic hypoplasia dimin-
ishes the number and function of their T-cells. Neonates 
with DiGeorge syndrome often have recurrent infections 
within the first 6 months of life. With this upcoming major 
surgery, blood products that are CMV-negative and irradi-
ated should be available to prevent potential graft versus 
host disease (GVHD) from blood product transfusion. In 
addition, strict aseptic technique should be followed during 
vascular access.

K E Y FAC T S

• Omphalocele occurs in 1/6000 births and is commonly 
associated with congenital heart disease, bladder 
extrophy, and Beckwith-Widemann syndrome.

• DiGeorge syndrome occurs in approximately 
1/3000–5000 live births and is the second most 
common genetic cause of congenital heart defects.

• Patients with DiGeorge syndrome should be considered 
immunocompromised because thymic hypoplasia 
diminishes the number and function of their T-cells.
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37.  A N S W E R :  B

Most children with myelomeningocele present for closure 
within the first 48 hours of life to minimize risk of infec-
tion. As with this neonate, many are scheduled for surgical 
repair prenatally because the defect is usually detected on 
ultrasound. Major anesthetic considerations for this sur-
gery include positioning, potential for massive fluid and 
blood loss, and postoperative respiratory difficulties.

With such a large posterior defect, it is important to 
ensure that there is no direct pressure on the myelome-
ningocele during the induction of general anesthesia and 
while securing the neonatal airway. Depending on the size 
of the defect, general anesthesia may be induced with the 
area surrounding the patient’s defect well padded in the 
supine position, or alternately induction and intubation 
may occur in the lateral decubitus position. For very large 
defects, it may be safest to induce general anesthesia and 
intubate with the patient in the lateral decubitus position, 
so as to avoid undue pressure on the lesion.

With myelomeningocele repair, there is the potential 
for considerable blood and fluid loss. Because a large por-
tion of the baby’s skin surface area will be exposed for sur-
gery, maintaining adequate volume status and euthermia 
are important perioperative considerations, and third space 
losses can be considerable.

All of the answer choices are valid concerns for a neo-
nate undergoing myelomeningocele repair and VP shunt 
placement, but the most important reason for recovering 
this patient in the ICU is to monitor his respiratory status 
postoperatively.

Patients with myelomeningocele often have 
sleep-disordered breathing, central apnea, hypoventila-
tion, and obstructive sleep apnea. Since this baby is <60 
weeks postconceptual age, he is already at an increased risk of 
postoperative apnea. Coupled with potential postoperative 
respiratory challenges following myelomeningocele repair 
and VP shunt placement, it would be advisable to monitor 
this patient in an ICU level setting postoperatively, since he 
now has multiple reasons to have sleep-disordered breathing.

Hydrocephalus, tethered cord, and type II 
Arnold-Chiari malformations often accompany lesions 
like myelomeningocele. Moreover, if this neonate also has a 
type II Arnold-Chiari malformation that contributes to his 
hydrocephalus and need for a VP shunt, then his ventila-
tory response to hypoxia and hypercarbia may be dimin-
ished or absent postoperatively. In addition, depending on 
the degree of hydrocephalus, this neonate may have the 
potential for brainstem herniation and may also have a 
cranial nerve palsy that would result in inspiratory stridor. 
This patient thus has several reasons to have his respiratory 
status closely monitored in the ICU setting postoperatively.

Patients with myelodysplasias like myelomeningocele 
are at an increased risk of developing latex sensitiv-
ity because of repeated exposures to latex, such as occurs 

with repeated bladder catheterization. Strict adherence to 
latex-free environments must be followed.

K E Y FAC T S

• Major anesthetic considerations for repair of 
myelomeningoceles include positioning, potential 
for massive fluid and blood loss, and postoperative 
respiratory difficulties.

• For very large defects, it may be safest to induce general 
anesthesia and intubate with the patient in the lateral 
decubitus position, so as to avoid undue pressure on the 
lesion.

• Hydrocephalus, tethered cord, and type II Arnold-
Chiari malformations often accompany lesions like 
myelomeningocele, and ventilatory responses to 
hypoxia and hypercarbia may be diminished or absent 
postoperatively.
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3 8 .  A N S W E R :  A

This question highlights why a single-shot spinal is consid-
ered a preferred anesthetic technique for a former preterm 
infant. By using a complete regional technique, one can 
potentially avoid administering narcotics and a general 
anesthetic, both of which may contribute to postoperative 
apnea in this former premature twin whose postconcep-
tual age is <60 weeks. Unfortunately, it appears that his 
single-shot spinal has worn off.

Answer A  would prevent postoperative apnea in this 
patient. It should be clearly communicated to the surgeon 
what dose of local anesthetic is safe and appropriate for this 
4  kg infant, as a small volume of local anesthetic quickly 
becomes a toxic dose for small infants receiving bupiva-
caine. Since the infant has already received 0.4 cc of 0.5% 
bupivacaine in the subarachnoid space, the surgeon should 
be limited to 3.2 cc of 0.25% bupivacaine for infiltration. 
If no narcotics are administered, the patient will be at no 
increased risk of postoperative apnea with this strategy.

Answer B does not prevent postoperative apnea. It 
makes no difference what narcotic is administered. Any 
administration of narcotic has been associated with 
postoperative apnea in former preterm infants with a 
postconceptual age <60 weeks.
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Answer C does not reliably prevent postoperative apnea 
either. Even if no narcotic medication is administered, for-
mer preterm infants with a postconceptual age <60 weeks 
undergoing general anesthesia are at increased risk of 
postoperative apnea.

Answer D is attractive since the N-methyl-D-aspartate 
(NMDA) antagonist ketamine is often used to maintain 
spontaneous respirations while also providing analgesia. 
However, when ketamine is used to supplement neonatal 
spinal anesthesia, the incidence of postoperative apnea is 
actually greater than with a general anesthetic.

Spinal anesthesia is an attractive option for this patient 
and surgery because of its association with less postopera-
tive apnea, and timing of surgery meshes well with unilat-
eral inguinal hernia repair. There is a lower risk of total 
spinal in neonates, but there are several technical consid-
erations when performing a neonatal spinal. Among these 
considerations is the appropriate positioning and bracing 
of the baby while the spinal is being performed. Excessive 
neck flexion should be avoided, as this may obstruct 
the patient’s airway. Since the conus medullaris is located 
at L3 in neonates and infants, spinal anesthesia should be 
performed at the L4/5 or L5/S1 level. When the subarach-
noid space has been entered, the local anesthetic should be 
administered slowly with a tuberculin syringe.

Any repositioning of the infant after placement of the 
spinal should be performed carefully. In particular, any 
Trendelenburg position should be avoided, as sometimes 
occurs when a neonate’s legs are lifted to place an electro-
cautery pad on the patient’s back. This seemingly innocu-
ous maneuver could potentially cause cephalad spread of 
the local anesthetic and a resultant high spinal.

K E Y FAC T S

• By using a complete regional technique, one can 
potentially avoid administering narcotics and a 
general anesthetic, both of which may contribute to 
postoperative apnea in this former premature twin 
whose postconceptual age is <60 weeks.

• Any administration of narcotic has been associated with 
postoperative apnea in former preterm infants with a 
postconceptual age <60 weeks.

• Former preterm infants with a postconceptual age <60 
weeks undergoing general anesthesia are at increased risk 
of postoperative apnea.

• When ketamine is used to supplement neonatal spinal 
anesthesia, the incidence of postoperative apnea is 
actually greater than with a general anesthetic.
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39.  A N S W E R :  B

Pyloric stenosis is a medical emergency, not a surgical emer-
gency. It is common in firstborn males within the first 3 
to 6 weeks of life. Perioperative concerns for this patient 
include full stomach precautions and severe dehydration. 
Volume status for patients with pyloric stenosis coming to 
the operating room must be adequate, and metabolic alka-
losis from repeated vomiting should be corrected with 
vigorous fluid resuscitation prior to surgical correction.

Answer B best indicates that the patient is ready for 
surgery, as his electrolyte imbalances have been corrected. 
Specifically, his hypokalemia, hypochloremia, and 
increased bicarbonate level from his contraction alkalo-
sis have been appropriately corrected with fluid resuscita-
tion. Other signs of adequate volume status in this patient 
include appropriate urine output (wet diapers), normal 
behavior (not irritable or lethargic), normal skin turgor, 
tears if the child is crying, and anterior fontanelles that are 
not depressed.

Answer A is incorrect because the patient’s potassium, 
chloride, and bicarbonate levels have not yet been cor-
rected. These laboratory values are consistent with meta-
bolic alkalosis and likely are the values that this infant 
with pyloric stenosis initially presented with. Neither 
Answer C nor D is correct because the bicarbonate levels 
have not been appropriately corrected with adequate fluid 
resuscitation.

Patients with pyloric stenosis have a full stomach that 
may contain radiocontrast dye from confirmatory imag-
ing studies. It is advisable to suction the stomach with a 
large-bore catheter with the patient in the supine, right, 
and left lateral decubitus positions. One study found that 
this technique removes 98% of gastric contents. After 
the stomach has been suctioned, options for intubation 
include awake or rapid sequence intubation. Either 
technique is reasonable, but a study comparing awake 
versus rapid sequence intubation demonstrated increased 
success with first pass intubation when muscle relaxant 
was used.

Postoperative analgesia for laparoscopic or open pyloro-
myotomy typically consists of local anesthetic infiltration 
and acetaminophen. Narcotics are not routinely required 
for postoperative analgesia for this surgery.

K E Y FAC T S

• Perioperative concerns for patients with pyloric stenosis 
include full stomach precautions and severe dehydration.
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• Metabolic alkalosis (hypokalemia, hypochloremia, and 
increased bicarbonate) from repeated vomiting should 
be corrected with vigorous fluid resuscitation prior to 
surgical correction.

• Signs of adequate volume status in this patient include 
appropriate urine output (wet diapers), normal behavior 
(not irritable or lethargic), normal skin turgor, tears if 
the child is crying, and anterior fontanelles that are not 
depressed.

references

Cook-Sather SD, Liacouras CA, Previte JP, Markakis DA, Schreiner 
MS. Gastric fluid measurement by blind aspiration in pae-
diatric patients:  a gastroscopic evaluation. Can J Anaesth. 
1997;44:168–72.

Roberts Jr JD, Romanelli TM, Todres ID. “Neonatal Emergencies” 
in Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 
2009:761–2.

Coté CJ. “Pediatric Anesthesia” in Miller RD, Eriksson LI, Fleisher L, 
Wiener-Kronish JP, eds. Miller’s Anesthesia. 7th ed. Philadelphia, 
PA: Churchill Livingstone; 2010:2591.

4 0 .  A N S W E R :  D

Pediatric anesthesiologists must be able to anticipate and 
recognize signs and symptoms of active upper respiratory 
infections. This former preterm child has several symptoms 
of an active URI. Since this surgery is elective, it should be 
postponed at least 4 weeks until symptoms of this active 
URI have resolved. Moreover, since this child has not 
received any vaccinations, he may also have a more serious 
illness like varicella or measles, and this should be investi-
gated further.

Other predictors for an acute URI include parental 
reports of the child having a “cold,” nasal congestion, snor-
ing, exposure to secondhand smoking, and parental reports 
that the child appears ill, which indicate changes in mental 
status or behavior.

Having an active URI increases this child’s risks of 
perioperative airway complications such as broncho-
spasm, laryngospasm, and major desaturation episodes 
up to 10-fold. Furthermore, since he is a former preterm 
infant, his risks of respiratory complications are increased. 
These risks should be highlighted and discussed with the 
child’s parents in the preoperative area, as cancellation of 
surgery may impose emotional and economic burdens on 
the parents with the challenges of rescheduling elective 
surgery.

Answer A is incorrect because this patient has an active 
URI and has other risk factors that increase his likelihood 
of having perioperative respiratory complications, even if a 
laryngeal mask airway is used instead of tracheal intubation. 
Bronchospasm has been found to occur more frequently 
in patients with active URIs who are intubated. Overall 

incidence of laryngospasm in patients with active URIs is 
similar independent of endotracheal tube versus LMA use. 
LMA use may decrease this child’s propensity for broncho-
spasm, but it will not decrease the chance of laryngospasm 
in this patient with an active URI.

Answer B is incorrect. A  study found that healthy 
children with URIs undergoing surgery not involving the 
airway or body cavity did not benefit from preoperative 
bronchodilator administration of either albuterol or 
ipratropium.

Answer C is incorrect. There are no data to support the 
routine use of steroids and broad-spectrum antibiotics in 
children with active URIs.

Unless this surgery is urgent or emergent, it should be 
postponed. Active URIs in children scheduled for cardiac 
surgery warrant special consideration, as there are risks that 
the child’s heart or clinical disease process will deteriorate 
while awaiting the child to recover from an active URI. The 
child scheduled for cardiac surgery should be optimized 
preoperatively, and a thorough discussion of the periopera-
tive risks of an active URI with general anesthesia should be 
explained to the child’s parents.

An active URI was determined to be an independent 
risk factor for postoperative infections and other post-
operative complications in children undergoing cardiac 
surgery. In a prospective study of children scheduled for 
cardiac surgery, overall incidence of respiratory adverse 
events, multiple postoperative complications, and bacte-
rial infection were significantly higher in children with 
active URIs. Postoperative ICU duration was higher 
in the URI group, but duration of hospital stay was not 
significantly increased among children with or without 
active URIs.

There are rare instances when postponing surgery is 
not an option, such as occurs with solid organ transplant, 
and the risks should be explained and documented, and 
vigilance should be employed to watch for potential 
respiratory complications. Recognizing URI signs and 
symptoms and appropriately balancing risks and ben-
efits for each patient are fundamental in the clinical 
acumen of pediatric anesthesiologists (see Box 20.2 and 
Table 20.5).
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41.  A N S W E R : C

Sickle cell disease (SCD) encompasses a group of inher-
ited hemoglobinopathies, with HbSC (sickle cell/HbC) 
and HbSD (sickle cell/HbD) having the greatest potential 
for significant clinical sickling. This sickling occurs when 
sickled erythrocytes accumulate in the microvascular of 
susceptible patients in the setting of factors that promote 
the deoxygenation of hemoglobin and interferes with 

peripheral perfusion. The accumulation of sickled eryth-
rocytes causes ischemia, further sickling, and eventually 
end-organ failure.

Many organ systems are affected by sickle cell disease, 
and patients with this disease are predisposed to acute chest 
syndrome (ACS), recurrent episodes of vaso-occlusive cri-
ses, infection, renal insufficiency, osteonecrosis, and chole-
lithiasis. Chronic pulmonary and neurologic diseases like 
stroke are causes of significant morbidity and mortality in 
this patient population.

In the perioperative period, the most common compli-
cations in children with SCD include ACS, fever, infec-
tion, vaso-occlusive crisis, and transfusion-related 
events. Because this patient is predisposed to ACS and 
vaso-occlusive crisis, liberal analgesics should be adminis-
tered, and regional techniques should be considered.

Similarly, hypoxia should be avoided by ensuring 
adequate oxygenation and oxygen-carrying capacity of 
hemoglobin, usually on the order of 10 g/dL. Transfusion 
of blood corrects anemia, dilutes the concentration of HbS 
erythrocytes, and can prevent severe complications like 
stroke. Since sickle cell patients often receive multiple trans-
fusions of blood products, it is important that the blood 
they receive is phenotype matched, leukocyte reduced, 
and screened for sickle cells, as these patients have a high 
rate and risk of alloimmunization.

Aside from hypoxia, acidosis and circulatory stasis also 
contribute to sickling in susceptible individuals. Acid-base 
status should be closely monitored, and circulatory status 
can be optimized by providing appropriate fluid resuscita-
tion and avoiding excessive or prolonged tourniquet use.

Because patients with SCD are already at an increased 
risk of developing stroke, hyperventilating to an end-tidal 
CO

2
 < 25  mm Hg is not advised, as that would further 

compromise already tenuous cerebral blood flow.
Older patients with SCD like this patient may develop 

restrictive lung disease and pulmonary hypertension. 
This results from repeated ACS-like injury, chronic inflam-
mation, and deficiency of nitric oxide. In addition, chronic 
intravascular hemolysis decreases the production of NO, 
and increased scavenging of NO reduces its bioavailability. 
Endothelial dysfunction and NO deficiency cause com-
plications like pulmonary hypertension, priapism, and skin 
ulceration. Studies have shown that inhaled NO amelio-
rates the symptoms of ACS, so inhaled nitric oxide would 
not be deleterious for this patient and may potentially 
improve ventilation (see Box 20.3).
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Box 20.2 dIfferentIal dIagnosIs of a 
chIld WIth a runny nose

Noninfectious Causes

Allergic rhinitis:  seasonal, perennial, clear nasal discharge, 
no fever
Vasomotor rhinitis: emotional (crying), temperature  
changes

Infectious Causes

Viral infections
Nasopharyngitis (common cold)
Flu syndrome (upper and lower respiratory tract)
Laryngotracheal bronchitis (infectious croup)
Viral exanthems
Measles
Chickenpox
Acute bacterial infections
Acute epiglottitis
Meningitis
Streptococcal tonsillitis

Table 20.5 factors affectIng decIsIon 
for electIve surgery In chIld WIth uPPer 
resPIratory tract InfectIon

PRO CON

child has “just a runny nose,” no 
other symptoms, “much better”

Parents confirm 
symptoms: fever, malaise, 
cough, poor appetite, just 
developed symptoms last 
night

active and happy child lethargic, ill appearing

clear rhinorrhea Purulent nasal discharge

clear lungs Wheezing, rales

older child child <1 year, ex-preemie

social issues: hardship for parents 
to be away from work, insurance 
will run out

other factors: history of 
reactive airway disease, major 
operation, endotracheal tube 
required

SOURCE: Reprinted with permission from: Cote CJ, Lerman J, Todres ID, 
eds. A Practice of Anesthesia for Infants and Children. 4th ed. Philadelphia, 
PA: Saunders; 2009: 61.
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4 2 .  A N S W E R :  C

Beckwith-Wiedemann syndrome usually occurs spo-
radically and consists of exomphalos, macroglossia, 
gigantism, organomegaly, and hypoglycemia. It has 
an incidence of approximately 1.5 per 100,000 with an 
increased incidence in West India, and occurs as a result 
of failure of normal biparental inheritance of chromo-
some 11p15, which contains growth-promoting and 
tumor-suppressor genes, resulting in increased insulin-like 
growth factor 2 (IGF-2). This increased IGF-2 is responsi-
ble for somatic overgrowth, the predisposition for tumors, 
and hypoglycemia.

As with this patient, early visceromegaly occurs, and 
neonates with Beckwith-Wiedemann syndrome often pres-
ent for repair of omphalocele, anomalies of intestinal rota-
tion, and diaphragmatic eventration. Sometimes patients 
with Beckwith-Wiedemann syndrome have midface hypo-
plasia, so a full preoperative airway evaluation is impor-
tant, as securing this patient’s airway may be challenging. It 
would be prudent to have a difficult airway cart and vari-
ous LMAs available for instrumenting this child’s airway.

Several organ systems may be involved with 
Beckwith-Wiedemann syndrome. Cardiomegaly, hepa-
tosplenomegaly, visceromegaly, and several malignant 
tumors have been associated with Beckwith-Wiedemann 
syndrome. When patients with Beckwith-Wiedemann 
syndrome have hemihypertrophy, an increased incidence 
of malignant tumors like adrenal carcinoma, Wilms 
tumor, hepatoblastoma, thoracic neuroblastoma, rhab-
domyosarcoma, and congenital gastric teratoma has been 
reported. Proper preoperative workup of this patient with 
Beckwith-Wiedemann syndrome and hemihypertrophy 
thus includes screens for somatic tumors and a full car-
diac workup.

Answer C is correct, as a cardiac echocardiogram will 
evaluate for cardiomegaly, cardiomyopathy, congenital 
cardiac lesions, or cardiac hamartoma. Data from this 
study will more strongly influence decisions regarding this 
patient’s anesthetic and choice of intraoperative medica-
tions. Inotropes and bacterial endocarditis prophylaxis may 
be indicated for this patient, depending on what her cardiac 
echocardiogram shows.

Answer A  is incorrect. Although it would be nice to 
know the patient’s fasting glucose level, this data will not 
significantly alter the patient’s anesthetic, as this data 
point is not absolutely required to maintain intraoperative 
euglycemia.

Similarly, Answer B is incorrect. Beckwith-Wiedemann 
syndrome is associated with hepatosplenomegaly, but 

Box 20.3 PerIoPeratIve consIderatIons 
and concerns In sIcKle cell dIsease

Preoperative

Screening if unknown status in at-risk children
Admission to hematology service (under most circumstances)
History of acute chest syndrome, vaso-occlusive pain crises, 

hospitalizations, transfusions, transfusion reactions
Neurologic assessment (strokes, cognitive limitations)
History of analgesic and other medication use
Hematocrit
Oxygen saturation (room air), chest radiograph
Pulmonary function tests (when appropriate)
Echocardiography (when appropriate)
Neurologic imaging (when there are recent changes)
Renal function studies
Transfusion crossmatch (antibody-matched, leukocyte 

reduced, sickle negative)
Transfusion to correct anemia (under most circumstances)
Parenteral hydration while NPO
Pain management
Aggressive bronchodilator therapy
Appropriate antibiotic therapy, including pre-splenectomy 

antibiotics and immunizations, where indicated

Intraoperative

Maintenance of oxygenation, perfusion, normal acid-basis 
status, temperature, hydration

Availability of appropriately prepared blood (when 
appropriate)

Replacement of blood loss
Anesthetic technique appropriate for procedure and postop-

erative analgesic requirements
Physiologic effects of laparoscopy on circulatory and respira-

tory function
Appropriate antibiotic therapy
Judicious use of tourniquets, cell saver, and cardiopulmonary 

bypass

Postoperative

Management by hematology service
Monitoring for complications, especially acute chest syn-

drome and vaso-occlusive pain crises
Maintenance of oxygen saturation monitoring and supple-

mentation as needed, including supplemental oxygen the 
first 24 hours regardless of oxygen saturation

Appropriate hydration (oral + parenteral)
Appropriate antibiotic therapy
Aggressive pain management
Early mobilization

 

 

 

 

 



542  •   clInIcal scIence of anesthesIa

knowing the patient’s LFTs will not significantly alter her 
anesthetic plan. If a neuraxial block were planned for post-
operative analgesia, then coagulation studies and a platelet 
count could alter the anesthetic plan. However, this data 
will not change the decision regarding the planned femoral 
peripheral nerve block catheter.

Answer D is a distractor, as Beckwith-Wiedemann syn-
drome has not been associated with susceptibility to malig-
nant hyperthermia.

K E Y FAC T S

• Beckwith-Wiedemann syndrome usually occurs 
sporadically and consists of exomphalos, macroglossia, 
gigantism, organomegaly, and hypoglycemia.

• Beckwith-Wiedemann syndrome is associated with 
midface hypoplasia, and airway management can be 
difficult.

• Proper preoperative workup of this patient with 
Beckwith-Wiedemann syndrome and hemihypertrophy 
thus includes screens for somatic tumors and a full 
cardiac workup.
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21.
FLUID, ELECTROLY TE , A ND  

TEMPER ATUR E M A NAGEMENT

Cornelius Sullivan and Robert Brustowicz

1. A Jehovah’s Witness patient is scheduled for surgery 
where considerable blood loss is anticipated. With 
the understanding that there are isolated case reports 
where otherwise healthy patients managed with a high 
inspired oxygen tension have done well with a hemato-
crit as low as 4% and assuming that the patient is nor-
movolemic, what is the generally accepted hematocrit 
at which one might first anticipate subendocardial myo-
cardial ischemia to develop?

A. 25%
B. 20%
C. 15%
D. 10%

2. The main reason why newborns are subject to 
increased heat loss (compared to an adult) is:

A. Higher surface area to mass ratio
B. Thicker subcutaneous fat layer
C. Higher dermal keratin content
D. Predominantly nonshivering thermogenesis

3. An 8-year-old girl is undergoing resection of a pos-
terior fossa tumor in the sitting position. A  sudden 
decrease in end-tidal carbon dioxide (CO

2
) associated 

with an audible change in the precordial Doppler tones 
most likely originates from:

A. Bone edges
B. Epidural veins
C. Bridging veins
D. Intracranial venous sinuses

4. Which panel of clinical and laboratory assessments 
is most consistent with the syndrome of inappropriate 
ADH secretion (SIADH)?

5. Which panel of clinical and laboratory assess-
ments is most consistent with cerebral salt wasting 

syndrome (CSW)?
6. A  previously healthy 2-year-old boy presents to the 
emergency department with a history of vomiting and 
diarrhea. Vital signs are a heart rate of 188 beats per 
minute, a blood pressure of 76/38 mm Hg, and a respi-
ratory rate of 28 breaths per minute. His skin is dusky 
and cool, the eyes appear sunken, skin turgor is notably 
abnormal, and he is lethargic and drowsy. Urine specific 
gravity is 1.035. His weight is about 15% less than that 
recorded in a well-child visit last month. The best esti-
mate of the patient’s fluid deficit is:

A. 25 mL/kg
B. 50 mL/kg
C. 100 mL/kg
D. 150 mL/kg

Serum Na+ 
mEq/L

Serum 
mOsm/L

Urine 
mOsm/L Volume Status

A. 128 275 350 Normal to 
high

B. 130 300 400 Normal
C. 138 290 210 Normal
D. 128 264 430 Normal to 

low

Serum Na+ 
mEq/L

Serum 
mOsm/L

Urine 
mOsm/L Volume Status

A. 128 275 350 Normal to 
high

B. 130 300 400 Normal
C. 138 290 210 Normal
D. 128 264 430 Normal to 

low
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7. The best initial treatment plan for the patient in 
Question 6 would administer in the first hour:

A. Dextrose 5% ½ Normal saline, 30 mL/kg
B. Normal saline, 30 mL/kg
C. Lactated Ringer’s solution, 30 mL/kg
D. 5% albumin, 10 mL/kg

8. The thermoneutral temperature is defined as the 
temperature of:

A. The patient, after reaching steady state post 
induction temperature

B. The room, at which patient oxygen consumption is 
minimized temperature

C. The patient, at which active warming can be 
discontinued temperature

D. The room, at which active warming can be 
discontinued temperature

9. Which of the following mechanisms is primarly 
responsible for heat loss in infants?

A. Radiation
B. Convection
C. Evaporation
D. Conduction

10. An 11-year-old male with idiopathic scoliosis com-
plains of being unable to see in the postanesthesia care 
unit (PACU) after a posterior fusion in the prone posi-
tion. This does not improve over the next 2  days. The 
most likely mechanism is thought to be:

A. Central retinal artery occlusion
B. Posterior ischemic optic neuropathy
C. Retinal detachment
D. Central retinal vein occlusion

11. In a full-term neonate, the largest fraction of total 
body water resides in the:

A. Intracellular space
B. Interstitial space
C. Extracellular space
D. Transcellular space

12. A 36-week-gestation newborn is undergoing emer-
gency closure of a gastroschisis. Because of limited gly-
cogen reserves, intraoperative dextrose administration 
is recommended at approximately what empiric rate?

A. 500 µg/kg per minute
B. 5 mg/kg per minute
C. 5 mg/kg per hour

D. No glucose administration necessary unless serum 
glucose falls below 45 mg/dL

13. A 15-year-old male, who has been chronically ill and 
malnourished, had a small-bowel resection for Crohn’s 
disease 7  days ago. During the transition from paren-
teral nutrition to aggressive enteral feeding, which of 
the following electrolyte abnormalities is most likely to 
be encountered if refeeding syndrome occurs?

A. Hypocalcemia
B. Hypermagnesemia
C. Hypophosphatemia
D. Hyperglycemia

14. An 11-year-old girl in the intensive care unit (ICU) 
the evening following resection of a pituitary microade-
noma is noted to have an elevated urine output. A urine 
dipstick is negative for glucose, and no diuretics have 
been given. Which of the following is most consistent 
with a diagnosis of appropriate diuresis after overgen-
erous intravenous fluid administered perioperatively as 
opposed to new-onset central diabetes insipidus?

A. Urine output of 2 cc/kg per hour
B. Serum sodium of 140 meq/L
C. Serum osmolality of 298 mosm/kg
D. Urine osmolality of 450 mosm/kg

15. Following a motor vehicle accident, a 5-year-old 
girl is hemodynamically unstable in the emergency 
department and requires rapid volume resuscitation. If 
a 20-gauge IV can be placed (average inner diameter of 
1.5 mm), the infusion flow rate achieved when compared 
to a 24-gauge IV (average inner diameter of 0.75 mm) 
will be increased by a factor of:

A. 4
B. 8
C. 16
D. 32

16. Assuming a 20-gauge IV can be successfully placed 
in the patient from Question 15, choosing a catheter 
30 mm in length will change the infusion rate by what 
factor compared to a catheter 15 mm in length?

A. 0.5 (flow will be reduced by 50%)
B. 0 (flow will be unchanged)
C. 2 (flow will be doubled)
D. 0.25 (flow will be reduced by 75%)

17. Which of the following sites for temperature moni-
toring is considered as accurate as the pulmonary artery 
for measuring core temperature?
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A. Tympanic membrane
B. Esophagus
C. Bladder
D. Rectum

18. Hypercalcemia in infancy is most commonly 
associated with:

A. Williams syndrome
B. Shprintzen syndrome
C. DiGeorge syndrome
D. CHARGE association

19. A 3.5 kg, 5-week-old male infant is diagnosed with 
pyloric stenosis after presenting with 3  days of vomit-
ing. Serum electrolytes are: sodium132 mEq/L, potas-
sium 2.8 mEq/L, chloride 96 mEq/L, and bicarbonate 
27 mEq/L. The best fluid with which to begin intrave-
nous fluid resuscitation is:

A. Normal saline (NS)
B. Lactated Ringer’s solution
C. D5 ¼ NS with 20 mEq KCL/500 mL
D. 5% albumin

20. A  4.0  kg neonate, delivered via cesarean section 
at 32 weeks, from a pregnancy complicated by poorly 
controlled gestational diabetes, is irritable, “twitchy,” 
and feeding poorly at 12 hours of life. A  brief sei-
zure may have been observed. A glucose level is mea-
sured at 50 mg/dL. The most likely etiology of these 
symptoms is:

A. Hypoglycemia
B. Hypermagnesemia
C. Hypocalcemia
D. Maternal opiod use

 

 

 



546  •   clInIcal scIence of anesthesIa

chaPter 21 ansWers

1.  A N S W E R :  C

During acute normovolemic hemodilution, there is an 
improvement in the flow characteristics of blood. Generally 
patients with healthy myocardial function will be able to 
maintain adequate oxygen delivery to peripheral tissues at 
a hematocrit below 25% because of this increase in flow. 
As the hematocrit decreases below 20%, oxygen extraction 
increases. As the hematocrit declines further, below 15%, 
subendocardial myocardial ischemia may develop. As a 
result, many practitioners recommend keeping the hemato-
crit closer to 20% and not allowing it to drop below 15%.

K E Y FAC T S

• During acute normovolemic hemodilution, there is an 
improvement in the flow characteristics of blood.

• As the hematocrit declines below 15%, subendocardial 
myocardial ischemia may develop.

reference

Chapter 10. Strategies for Blood Product Management and Reducing 
Transfusion. Charles J. Cote, Eric F. Grabowski, Christopher P. 
Stowell. Coté C, Lerman J, Todres D, eds. Practice of Anesthesia in 
Infants and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 
2009:217–8.

2 .  A N S W E R :  A

Thermoregulation is a challenge for all mammals, but none 
so much as those just born. Several anatomic and physio-
logic differences from the adult can be found to explain this 
vulnerability. The proportionately larger head (usually 
with a circumference greater than the chest) is reflected 
in an increase in the ratio of skin surface area to body 
mass (around 1.0 in the term neonate, compared to about 
0.4 in the adult). This is also the reason that radiation is 
the quantitatively greatest mechanism of heat loss in this 
population.

Neonates have greater evaporative heat loss than 
adults, due to less dermal keratin content, as well as increased 
conductive loss due to a thinner layer of subcutaneous fat.

Nonshivering thermogenesis is an increase in heat 
production due to metabolism of brown fat, which con-
stitutes somewhere around 2%–6% of body weight at 
term. Brown fat is so named because of the characteristic 
appearance (after staining) of tightly packed mitochon-
dria in the cytoplasm of these multinucleate cells, which 
can uncouple oxidative phosphorylation and preferentially 
generate heat over ATP production. Moreover, this action 
somehow recruits additional local blood flow, reportedly 

up to 25% of cardiac output, thus directly transferring 
heat to the circulation. Anatomically, this appears con-
centrated in the area between the scapulae, the axillae, 
the mediastinum, and the perinephric retroperitoneum. 
Unanesthetised infants can effectively double their basal 
metabolic rate, and this mechanism is preserved certainly 
through the first, and possibly through the second year of 
life. Because the musculoskeletal system is immature and 
its mass relatively small, shivering thermogenesis does 
not contribute significantly to preservation of body heat in 
the neonate; moreover, it would be effectively shut down 
under anesthesia anyway.

K E Y FAC T S

• The skin surface to body mass ratio is elevated in 
neonates in comparison to adults (around 1.0 in the 
term neonate, 0.4 in the adult).

• Neonates have greater evaporative heat loss than 
adults, due to less dermal keratin content, as well as 
increased conductive loss due to a thinner layer of 
subcutaneous fat.

• Nonshivering thermogenesis is an increase in heat 
production due to metabolism of brown fat, which 
constitutes around 2%–6% of body weight at term.

• Because the musculoskeletal system is immature and its 
mass relatively small, shivering thermogenesis does not 
contribute significantly to preservation of body heat in 
the neonate.

reference

Cote CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:558.

3 .  A N S W E R :  D

Venous air embolism is a potential complication in any 
procedure in which there exists a possible negative pres-
sure differential between the right atrium and venous ele-
ments in the operative field. Consequently, either a large 
hydrostatic gradient (height above heart) or relatively 
low central filling pressure can exacerbate the risk. In 
neurosurgery, the greatest risk is presented by the dural 
venous sinuses, because of their anatomic resistance to 
collapse. Bone edges are problematic because of the diffi-
culty obtaining a perfect seal even with bone wax; the other 
sites are usually controlled more easily by cautery.

K E Y FAC T S

• A negative pressure differential between the right atrium 
and venous elements in the operative field increases the 
risk of venous air embolism.
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• Either a large hydrostatic gradient (height above heart) 
or relatively low central filling pressure can exacerbate 
the risk.

• The greatest risk of venous air embolism in neurosurgery 
is presented by the dural venous sinuses because of their 
anatomic resistance to collapse.

reference

Cote CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:519.

4 .  A N S W E R :  A

Untreated SIADH results in a hypoosmolar hypona-
tremia with either eu- or hypervolemia, and inappropri-
ately concentrated urine. While classically associated 
with CNS disease (trauma, hemorrhage, infection) and 
neoplasm (bronchogenic carcinoma of the lung, lym-
phoma), ADH secretion is also transiently increased 
under any anesthetic and surgical stress. Treatment 
centers on free water restriction and dealing with the 
underlying cause. Mineralocorticoids have been useful 
as well in SIADH. In Europe, the vasopressin receptor 
antagonist tolvaptan is available. Correction of serum 
sodium should proceed slowly to prevent osmotic central 
pontine myelinolysis.

K E Y FAC T S

• SIADH results in a hypoosmolar hyponatremia 
with either eu- or hypervolemia, and inappropriately 
concentrated urine.

• Treatment of SIADH consists of free water restriction 
and management of the underlying cause.

• Correction of serum sodium should proceed slowly to 
prevent osmotic pontine myelinolysis.

5 .  A N S W E R :  D

Hyponatremia is the most common electrolyte abnormal-
ity encountered in postoperative neurosurgical patients. 
Cerebral salt wasting syndrome is a hypovolemic hypona-
tremia resulting from increased renal excretion of sodium, 
probably due to decreased reabsorption in the proximal 
tubule in the setting of circulating natriuretic peptides 
(both atrial and brain type) and altered sympathetic tone. 
Treatment is repletion of salt and water with normal saline, 
as opposed to the free water restriction needed to treat 
SIADH. In severe cases where concern exists for transten-
torial herniation, hypertonic saline has been used with 
success.

K E Y FAC T S

• Cerebral salt wasting syndrome is a hypovolemic 
hyponatremia resulting from increased renal excretion 
of sodium, probably due to decreased reabsorption in the 
proximal tubule in the setting of circulating natriuretic 
peptides (both atrial and brain type) and altered 
sympathetic tone.

• Treatment is repletion of salt and water with normal 
saline, as opposed to the free water restriction needed to 
treat SIADH.

reference

Wright WL. Sodium and fluid management in acute brain injury. Curr 
Neurol Neurosci Rep. 2012;12(4):466–73.

6 .  A N S W E R :  D

Clinical estimates of dehydration remain very useful in 
pediatric patients, and it can guide therapy while laboratory 
studies are pending. While healthy infants can tolerate a 
greater degree of dehydration than adults without symp-
toms due to a higher ratio of total body water to weight, 
they can also deteriorate more rapidly, especially with losses 
from the GI tract. This patient shows signs of severe dehy-
dration, corresponding to a deficit of about 150 mL/kg 
(15% weight loss: 0.15 × 1000 ml/ 1 kg = 150 ml/kg which 
is primarily fluid loss from vomiting and diarrhea).

K E Y FAC T S

• While healthy infants can tolerate a greater degree of 
dehydration than adults without symptoms due to a 
higher ratio of total body water to weight, they can also 
deteriorate more rapidly, especially with losses from the 
GI tract.

reference

Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for 
Infants and Children. 8th ed. St. Louis, MO:  Elsevier Mosby; 
2011:Chapter 5.

7.  A N S W E R :  B

Normal saline remains the fluid of choice for initial 
resuscitation of dehydrated infants and children. Answer 
A  would lead to excessive extravascular water, while the 
lactate in Ringer’s may not be metabolized to bicarbonate 
in the hypoperfused liver. Colloid solutions are seldom if 
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ever recommended as the initial choice in this setting, and 
10 cc/kg would be insufficient even if chosen.

K E Y FAC T S

• Normal saline remains the fluid of choice for initial 
resuscitation of dehydrated infants and children.

• Colloid solutions are seldom if ever recommended as the 
initial choice in the dehydrated child.

reference

Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for Infants and 
Children. 8th ed. St. Louis, MO: Elsevier Mosby; 2011:Chapter 5.

8 .  A N S W E R :  B

Thermoneutrality is defined as the ambient temperature 
at which oxygen demand and metabolic heat production 
are minimized. Typically this means that cutaneous arte-
riovenous shunts are open and skin blood flow is maximal. 
This temperature is approximately 28°C in the unclothed 
adult, 32°C in the neonate, and 34°C in the preterm infant, 
but there is no defined room temperature that assures ther-
moneutrality in every imaginable clinical scenario. The 
temperature gradient from skin to environment is more 
clinically relevant than that from core to environment; 
experimentally a skin-to-environment gradient of 2°C to 
4°C is observed to minimize oxygen consumption. While 
healthy infants can respond to cold stress by increasing 
both cardiac output and brown fat metabolism (non-
shivering thermogenesis), the former may be limited by poor 
cardiovascular reserve and the latter is severely attenuated 
by volatile anesthetics. The final common pathway of hypo-
thermia and increased oxygen consumption is end-organ 
dysfunction and metabolic acidosis.

K E Y FAC T S

• Thermoneutrality is defined as the ambient temperature 
at which oxygen demand and metabolic heat production 
are minimized.

• The temperature gradient from skin to environment 
is more clinically relevant than that from core to 
environment.

• While healthy infants can respond to cold stress 
by increasing both cardiac output and brown fat 
metabolism (nonshivering thermogenesis), the former 
may be limited by poor cardiovascular reserve and the 
latter is severely attenuated by volatile anesthetics.

reference

Cote CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:562.

9.  A N S W E R :  A

Mechanisms of heat loss in humans include radiation, con-
vection, evaporation, and conduction. Radiation can result 
in the greatest loss of heat in neonates. Perhaps because 
early modern humans evolved in Africa, our physiology 
is much better adapted to dissipating heat than preserv-
ing it. Vasodilation raises skin temperature, which 
increases energy exchange by radiation as quantified by 
the Stefan-Boltzmann equation H  =  esA (T14 − T04) 
where H is the loss in joules/sec, e is the emissivity, s is the 
Boltzmann constant, A is the surface area, and T1 and T0 
are the temperatures of the two bodies. In the normal neo-
nate, this is the primary route of heat loss. Evaporative 
heat loss occurs through sweating, insensible loss (through 
skin and by humidification of dry airway gas), and evapo-
ration of liquids (prep solutions, etc.) from the skin. This 
is driven by the difference in the vapor pressure of water 
between skin or mucosa and air, so relative humidity and 
minute ventilation can be important factors. Because evap-
oration requires a phase transition of water, the latent heat 
of vaporization quantifies the energy requirement at about 
2500 joules/gram. In an adult, this can represent about 1.4 
kilowatts. Because sweat glands mature at about 30 weeks, 
term infants can sweat in a warm room, and in fact when air 
temperature is at or above body temperature, sweating is the 
only mechanism by which heat can be dissipated.

K E Y FAC T S

• Mechanisms of heat loss in humans include radiation, 
convection, evaporation, and conduction.

• In the normal neonate, radiation results in the largest 
magnitude of heat loss.

• Evaporative heat loss occurs through sweating, insensible 
loss (through skin and by humidification of dry airway 
gas), and evaporation of liquids from the skin.

reference

Cote CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:562.

10 .  A N S W E R :  B

Postoperative visual loss after surgery is a rare but devas-
tating complication after spine surgery in the prone posi-
tion. In one study, children have almost six times greater risk 
than healthy adults. Hypotension, anemia, prolonged 
procedure, and high volume crystalloid resuscitation 
are known risk factors, along with diabetes and peripheral 
vascular disease in adults. Retinal perfusion pressure can 
be defined as mean arterial pressure (MAP) – intraocular 
pressure (IOP); the latter is known to be elevated in the 
prone position. When retinal perfusion pressure declines 
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below a critical threshold, a watershed type infarct occurs, 
referred to as posterior ischemic optic neuropathy (PION).

Central retinal artery occlusion (CRAO) is an infarct 
caused by platelet fibrin thromboembolism as a result of 
atherosclerotic disease. Risk factors include arterial hyper-
tension, diabetes mellitus, carotid artery disease, coronary 
artery disease, transient ischaemic attacks (TIAs) or cere-
bral vascular accidents, and smoking tobacco. These same 
risk factors apply to central retinal vein occlusion, which is 
also related to thrombophilic states such as hyperhomocys-
teinemia, MTHFR gene mutation, factor V Leiden muta-
tion, protein C and S deficiency, antithrombin deficiency, 
prothrombin gene mutation, anticardiolipin antibodies, 
and lupus anticoagulant.

Retinal detachment is not associated with anesthesia 
and surgery in the prone position; in fact, some studies sug-
gest that patients treated for retinal detachment actually do 
better if placed prone for 2 hours postop.

K E Y FAC T S

• Children have almost six times greater risk than healthy 
adults for postoperative visual loss.

• Hypotension, anemia, prolonged procedure, and 
high-volume crystalloid resuscitation are known risk 
factors, along with diabetes and peripheral vascular 
disease in adults.

• Retinal perfusion pressure can be defined as 
MAP – IOP.

references

dell’Omo R, Semeraro F, Guerra G, et al. Short-time prone posturing is 
well-tolerated and reduces the rate of unintentional retinal displace-
ment in elderly patients operated on for retinal detachment. BMC 
Surg. 2013;13(Suppl. 2):S55.

Patil CG, Lad EM, Lad SP, Ho C, Boakye M. Visual loss after spine 
surgery: a population-based study. Spine. 2008;33(13):1491–6.

11.  A N S W E R :  C

The distribution and composition of bodily fluids change 
significantly from birth to maturity, and an understanding 
of these concepts is important in the rational use of intra-
venous fluids, electrolytes, and medications. As pointed out 
by Harris (1957), a normal newborn infant who weighs 3 kg 
is one third the size of an adult in length but one ninth the 
adult size in body surface area and one twentieth of adult 
size in weight.

In the adult, total body water is about 60% of body 
weight, of which two thirds (40% of body weight) is 
intracellular and one third (20% of body weight) is 
extracellular.

The extracellular compartment can be subdivided into 
one-fifth intravascular (or plasma) volume and four-fifths 

interstitial fluid. Most of total body sodium is contained 
in this category, which is the distribution volume for both 
crystalloid and colloid solutions.

The transcellular fluids are those separated from blood 
by both endothelium and epithelium, such as cerebrospinal, 
pleural, peritoneal, and synovial fluids, and are considered a 
negligible specialized subset of extracellular fluid.

The full-term neonate has both a larger fraction of 
total body weight as fluid and a higher fraction of total 
body water as extracellular, about 60%. This fraction is even 
higher in the preterm infant.

K E Y FAC T S

• In the adult, total body water is about 60% of body 
weight, of which two thirds (40% of body weight) is 
intracellular and one third (20% of body weight) is 
extracellular.

• The extracellular compartment can be subdivided into 
one-fifth intravascular (or plasma) volume and four-fifths 
interstitial fluid.

• The full-term neonate has both a larger fraction of total 
body weight as fluid and a higher fraction of total body 
water as extracellular, about 60%. This fraction is even 
higher in the preterm infant.

references

Barash PG, Cullen BF, Stoelting RK, eds. Clinical Anesthesia. 5th ed. 
Philadelphia, PA: Lippincott Williams & Wilkins; 2005:170.

Motoyama EK, Davis PJ, eds. Smith’s Anesthesia for Infants and 
Children. 8th ed. St. Louis, MO: Elsevier Mosby; 2011:Chapter 5.

12 .  A N S W E R :  B

The fetus begins to produce glycogen stores in the final 
month of gestation; the term newborn holds about 5% 
of body weight in hepatic glycogen. Most of this is con-
sumed through gluconeogenesis in the first 48 hours of 
life. Typical newborn fluid requirements are approximately 
75 mL/kg for the first 24 hours of of life. As D10W con-
tains 100 mg dextrose per milliliter, this corresponds to 
7500 mg/kg per day or 312 mg/kg per hour, which is about 
5 mg/kg per minute.

K E Y FAC T S

• The fetus begins to produce glycogen stores in the final 
month of gestation; the term newborn holds about 5% 
of body weight in hepatic glycogen.

• Most of this is consumed through gluconeogenesis in 
the first 48 hours of life.

• Typical newborn fluid requirements are approximately 
75 mL/kg for the first 24 hours of life.
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reference
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13 .  A N S W E R :  C

The refeeding syndrome was first described among sur-
vivors in camps liberated at the end of World War II, and 
its pathophysiology was elucidated after the development 
of total parenteral nutrition (TPN) in the 1980s. Total 
body and especially intracellular stores of phosphate are 
depleted during catabolic starvation. With refeeding, 
the reappearance of carbohydrates stimulates glucose over 
fat metabolism; the resulting insulin surge drives glucose, 
potassium, magnesium, and phosphate intracellularly. It 
is common for abnormalities of fluid balance and glucose 
metabolism to occur along with hypophosphatemia, hypo-
magnesemia, and hypokalemia. These sudden variances 
in cell membrane electrochemical balance are felt to be 
responsible for the clinical manifestations of the syn-
drome, which can include rhabdomyolysis, dysrhythmia, 
respiratory failure, and death.

K E Y FAC T S

• Total body and especially intracellular stores of 
phosphate are depleted during catabolic starvation.

• With refeeding, the reappearance of carbohydrates 
stimulates glucose metabolism; the resulting insulin 
surge drives glucose, potassium, magnesium, and 
phosphate intracellularly.

• The clinical manifestations of this syndrome can include 
rhabdomyolysis, dysrhythmia, respiratory failure, 
and death.

reference

Fuentebella J, Kerner JA. Refeeding syndrome. Pediatr Clin North Am. 
2009;56(5):1201–10.

14 .  A N S W E R :  D

Diabetes insipidus occurs when the kidney either fails to 
receive (central DI) or fails to respond to (nephrogenic DI) 
hormonal (antidiuretic hormone) signaling to conserve water.

Central diabetes insipidus occurs not infrequently 
after pituitary surgery, and it can be transient or per-
manent depending on the degree of disruption of the 
hypothalamic/neurohypophysis axis. While no absolute 
lab values for the diagnosis have been established, the 
hallmark of DI is the inability to excrete a concentrated 
urine; consequently, a urine osmolarity of 450 would be 
incompatible.

K E Y FAC T S

• Diabetes insipidus occurs when the kidney either fails to 
receive (central DI) or fails to respond to (nephrogenic 
DI) hormonal (antidiuretic hormone) signaling to 
conserve water.

• Central DI occurs not infrequently after pituitary 
surgery, and it can be transient or permanent depending 
on the degree of disruption of the hypothalamic/
neurohypophysis axis.

15 .  A N S W E R :  C (S E E DI S C US S ION 
B E L OW, R E: QU E S T ION  16 )

16 .  A N S W E R :  A

The Hagen-Poiseuille equation describes the flow rate 
of noncompressible Newtonian fluids through cylindrical 
conduits for a given pressure drop across the system:

ΔP = 8VLQ/πR4

OR

Flow rate (Q) = ΔPπR4/8VL

V = viscosity

L = length

Q = flow rate

R = radius

In other words, flow rate varies as the fourth power of 
the radius; therefore, doubling the inner diameter of the IV 
catheter will result in increasing flow rate by 24, or 16 times.

Conversely, flow rate is inversely proportional to the 
length of the conduit, so doubling the catheter length 
would reduce flow by half if the system otherwise remains 
the same.

reference

Batchelor GK. An Introduction to Fluid Dynamics. Cambridge, 
UK: Cambridge University Press; 2000;180.

17.  A N S W E R :  C

Core temperature is the primary factor in thermoregulatory 
control in mammals, conceptually representing the initiator 
of hypothalamic “set-point” responses; unfortunately, there 
is no single measurement site that is ideal in all clinical set-
tings. While pulmonary artery temperature is widely con-
sidered the most accurate, its clinical usefulness is limited, 
particularly in children. Nasopharyngeal measurement can 
be highly accurate at reflecting hypothalamic temperature if 
properly positioned near the soft palate. However, this can 
be falsely low with an uncuffed endotracheal tube with a 
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significant leak. Bleeding remains the major issue with this 
approach. Similarly, esophageal probes are commonly used, 
but if they prolapse into the stomach, measurement can again 
be falsely low. Skin and axillary temperatures are notoriously 
inaccurate, while tympanic temperatures are inconvenient 
for continuous measurement. The rectal temperature can 
also be highly accurate unless the probe becomes insulated 
in feces or is close to the peritoneal reflection in the setting 
of warm or cool abdominal irrigation. Bladder temperature 
is highly accurate unless the urine output is low.

K E Y FAC T S

• Core temperature is the primary factor in thermoregulatory 
control in mammals, conceptually representing the initiator 
of hypothalamic “set-point” responses.

• While pulmonary artery temperature is widely 
considered the most accurate, its clinical usefulness is 
limited, particularly in children.

• Nasopharyngeal measurement can be highly accurate 
at reflecting hypothalamic temperature if properly 
positioned near the soft palate.

• Skin and axillary temperatures are notoriously 
inaccurate, while tympanic temperatures are 
inconvenient for continuous measurement.

• The rectal temperature can also be highly accurate 
unless the probe becomes insulated in feces or is close to 
the peritoneal reflection in the setting of warm or cool 
abdominal irrigation.

• Bladder temperature is highly accurate unless the urine 
output is low.

reference

Cote CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:559.

18 .  A N S W E R :  A

Williams syndrome is a congenital disorder associated with 
a deletion on the long arm of chromosome 7 and an abnor-
mality of the elastin gene product. Clinical associations 
include the so-called elfin facies, an outgoing personality, 
retardation, cardiac disease (aortic stenosis, coarctation), 
and endocrine abnormalities (hypercalcemia and hypothy-
roidism). DiGeorge and Shprintzen syndromes are part of 
the 22q11.2 deletion or velocardiofacial spectrum and, in 
addition to cardiac anomalies, are associated with hypocal-
cemia. Abnormalities of calcium homeostasis are not a fea-
ture of CHARGE association.

K E Y FAC T S

• Williams syndrome is a congenital disorder associated 
with a deletion on the long arm of chromosome 7 and 
an abnormality of the elastin gene product. Clinical 

associations include the so-called elfin facies, an 
outgoing personality, retardation, cardiac disease (aortic 
stenosis, coarctation), and endocrine abnormalities 
(hypercalcemia and hypothyroidism).

• DiGeorge and Shprintzen syndromes are part of the 
22q11.2 deletion or velocardiofacial spectrum and, 
in addition to cardiac anomalies, are associated with 
hypocalcemia.

reference

Cote CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia for Infants 
and Children. 5th ed. Philadelphia, PA: Saunders; 2013:304.

19.  A N S W E R :  A

A large number of experimental observations indicate that 
chloride depletion plays a pivotal role in the development 
of the normotensive hypochloremic, hypokalemic, met-
abolic alkalosis classically associated with hypertrophic 
pyloric stenosis. Prolonged vomiting loses gastric fluid rich 
in both hydrogen and chloride ions, resulting in both meta-
bolic alkalosis and hypochloremia. Despite the presence 
of some potassium in the gastric fluid, most of the potas-
sium deficit is due to urinary losses triggered by secondary 
hyperaldosteronism. Initially serum pH is preserved by 
excretion of an alkaline urine with sodium and potassium 
loss, but chloride depletion promotes the reabsorption of 
bicarbonate in the proximal tubule and decreases its secre-
tion in the collecting tubule, resulting in the paradoxical 
aciduria characteristic of late presentation. Normal saline, 
containing 154 mEq/L of both sodium and chlorine 
ions, provides significantly more chloride than its clos-
est competitor, lactated Ringer’s at 130 mEq/L. While 
some clinicians advocate including 5% dextrose in the ini-
tial treatment, combining this with ¼ normal saline (38 
mEq/L) would be suboptimal. Situations in which initial 
resuscitation of pediatric surgical patients would best be 
accomplished with colloid solutions are indeed rare.

K E Y FAC T S

• Prolonged projectile vomiting associated with 
hypertrophic pyloric stenosis results in chronic chloride 
depletion with hypochloremic, hypokalemic, metabolic 
alkalosis.

• Most of the potassium deficit is due to urinary losses 
triggered by secondary hyperaldosteronism.

reference
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2 0 .  A N S W E R :  C

Hypocalcemia manifests as symptoms of neuromuscular 
irritability. In adults and older children, this may present 
as perioral numbness or tingling, anxiety, arrhythmia, 
congestive heart failure, a prolonged QT interval, or 
the classic Chvostek’s or Trousseau’s signs. Infants and 
younger children may have cyanosis, feeding intolerance, 
laryngospasm, vomiting, or seizures. Neonates, particu-
larly premature, are at increased risk due to reduced PTH 
levels. In addition, maternal diabetes and glycosuria can 
produce hypomagnesemia in both mother and neonate. 
Hypocalcemia is a common complication of hypomagnese-
mia (not hypermagnesemia), and successful treatment may 
require repletion of both cations. A glucose level of 50 mg/
dL is within the normal range for neonates. Emergency 
treatment of hypocalcemia can consist of 2–4 mg elemental 
calcium (usually as 10% calcium gluconate, preferably into a 
large or central vein, with continuouse electrocardiographic 
monitoring) over 5–10 minutes. If hypomagnesemia 

coexists, 6 mg elemental magnesium/kg (usually as 50% 
magnesium sulfate) can be infused over an hour.

K E Y FAC T S

• Hypocalcemia manifests as symptoms of neuromuscular 
irritability.

• In adults and older children, hypocalcemia may present 
as perioral numbness or tingling, anxiety, arrhythmia, 
congestive heart failure, a prolonged QT interval, or the 
classic Chvostek’s or Trousseau’s signs.

• Infants and younger children may have cyanosis, feeding 
intolerance, laryngospasm, vomiting, or seizures.
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22.
R EGIONA L A NESTHESI A

Michael R. King, Nisha Kandiah, Karen Boretsky, and T. Anthony Anderson

1. A 2-year-old male is scheduled for circumcision. He 
undergoes general anesthesia and the urologist places a 
dorsal penile block for postoperative pain. Bupivacaine 
is chosen as a local anesthetic due to its long duration 
of action. Which of the following properties of bupiva-
caine best explains its duration?

A. pKa
B. Protein binding/lipid solubility
C. Amide structure
D. Molecular weight

2. A 7-year-old, 20 kg female with appendicitis under-
goes laparoscopic appendectomy. At the conclusion of 
the procedure, a bilateral transversus abdominis plane 
block is performed with 0.2% ropivacaine with 5 mcg/
ml epinephrine for postoperative analgesia. What is the 
maximum volume of 0.2% ropivacaine with 5 mcg/ml 
epinephrine that should be used in this patient?

A. 15 mL
B. 25 mL
C. 30 mL
D. 50 mL

3. A 16-year-old male baseball player presents for surgi-
cal repair of a torn ligament in his elbow. The patient and 
his parents consent to a brachial plexus block, supracla-
vicular approach, for postoperative pain. The block is 
placed under ultrasound guidance preoperatively with 
0.5% bupivacaine with 5 mcg/ml epinephrine. At which 
level of the brachial plexus is the supraclavicular block 
performed?

A. Roots/trunks
B. Trunks/divisions
C. Cords
D. Branches

4. Which of the images in the figure below correctly iden-
tifies the space where local anesthetic should be injected 
in order to perform a transversus abdominis plane block?

5. A  9-month-old male undergoes hypospadias repair. 
At the conclusion of the procedure, the anesthesiologist 
performs a caudal block with 0.25% bupivacaine with-
out epinephrine for postoperative pain control. Which 
of the following are potential complications of caudal 
blockade with preservative-free bupivacaine?

A. Postoperative urinary retention
B. Hypertension
C. Postoperative apnea
D. Allergic reaction to para-aminobenzoic acid

Ultrasound images of the muscles forming the anterior abdominal 
wall as the linear ultrasound (US) transducer is placed from midline 
to lateral positions over the anterior abdominal wall. (Reprinted with 
permission from Mandeep S, Chin KJ, Chan V. Ultrasound-guided 
transversus abdominis plane (TAP) block: a useful adjunct in the 
management of postoperative respiratory failure. J Clin Anesth. 
2011;23(4):303–6.)
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6. A 2-month-old, 4.5 kg infant presents for right ingui-
nal hernia repair. She has an intravenous line placed, 
undergoes uneventful intravenous induction and intu-
bation, and is maintained on sevoflurane. The patient 
receives no opiate medication, but the surgeon injects 
local anesthetic at the conclusion of the procedure. She 
emerges briskly and is brought to the postanesthesia 
care unit (PACU). In the PACU, her pulse oximeter 
readings are 87% on room air and do not respond to sup-
plemental oxygen by facemask. Which of the following 
medications could have caused this patient’s condition?

A. Lidocaine
B. Procaine
C. Prilocaine
D. Tetracaine

7. Which of the following complicates lumbar epidural 
placement in infants compared to adults?

A. The spinal cord extends less caudally
B. A steeper angle is required for the approach to the 

epidural space
C. There is a greater mechanical resistance when 

crossing the ligamentum flavum
D. There is a shorter distance to the 

subarachnoid space

8. Which of the following lowers the risk of local anes-
thetic toxicity in infants compared to adults?

A. An increased volume of distribution
B. Decreased cytochrome P450 activity
C. A decreased ability to report neurologic symptoms 

of toxicity
D. Decreased plasma protein concentrations

9. A  4-year-old girl undergoes repair of an open left 
ankle fracture under general anesthesia. Prior to 
emergence, a combined saphenous and sciatic block is 
performed in the popliteal fossa for postoperative anal-
gesia. On the first postoperative day, it is noted that the 
patient is ambulating poorly. Neurologic exam reveals 
decreased plantar flexion and a decreased response to 
pinprick on the sole of the foot. Which of the following 
nerves was injured?

A. Saphenous nerve
B. Sural nerve
C. Deep peroneal nerve
D. Tibial nerve

10. A  14-year-old male undergoes open reduction and 
fixation of a fracture at the surgical neck of the humerus. 
He receives a brachial plexus block, interscalene 

approach, preoperatively and undergoes general anes-
thesia for the procedure. After surgery the patient is 
comfortable except for some pain at the medial aspect 
of the upper arm just below the axilla. Failure to block 
which of the following nerves resulted in this distribu-
tion of pain?

A. Supraclavicular nerve
B. Intercostobrachial nerve
C. Musculocutaneous nerve
D. Medial antebrachial cutaneous nerve

11. When using an ultrasound for peripheral nerve 
block placement, decreasing the frequency of the probe 
improves which of the following?

A. Resolution
B. Penetration
C. Gain
D. Clarity

12. A 17-year-old otherwise healthy football player pres-
ents for rotator cuff repair following injury. He under-
goes a brachial plexus block, interscalene approach, 
preoperatively for postoperative pain control. Which of 
the following is the most likely complication of inter-
scalene blockade?

A. Vertebral artery injection
B. Subarachnoid injection
C. Ipsilateral pneumothorax
D. Ipsilateral phrenic nerve blockade

13. A  13-year-old boy presents for removal of a 7  cm 
lipoma on his anterior right thigh. A  femoral nerve 
block is performed after the induction of general anes-
thesia using a nerve stimulator to guide injection. The 
femoral nerve is most likely to be blocked if which of 
the following muscle twitches is observed at the point 
of injection?

A. Inversion of the foot
B. Adduction of the hip
C. Flexion of the hip
D. Extension at the patella

14. An 8-year-old boy suffers a third-degree burn on 
the lateral dorsum of his right hand proximal to fingers 
one, two, and three. He is scheduled for skin grafting, 
and a field block is planned for the procedure. Injecting 
local anesthetic at which of the following locations will 
successfully block the operative site?

A. In and around the coracobrachialis muscle
B. Proximal to the ulnar head at the medial epicondyle
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C. Lateral to the biceps tendon near the lateral 
epicondyle in the antecubital space

D. In the wrist between the palmaris longus and flexor 
carpi ulnaris

15. The highest volume of cerebrospinal fluid on a per 
kilogram basis is found in:

A. Preterm neonates
B. Full-term neonates
C. Toddlers
D. Adolescents

16. Which of the following is an absolute contraindica-
tion to caudal anesthesia?

A. Central core disease
B. Cerebral palsy
C. Epilepsy
D. Myelomeningocele

17.  A 5 kg, 3-month-old male, former 32-week-premature 
infant presents with malrotation with midgut volvulus. 
He undergoes an open Ladd’s procedure. Using fluoro-
scopic guidance, you place an epidural catheter at the 
end of the surgery to aid with postoperative pain con-
trol and improve respiratory mechanics while decreas-
ing the risk of apnea. You extubate the patient and take 
him to the neonatal intensive care unit (NICU). During 
signout to the NICU staff, you are asked what rate the 
local anesthetic should infuse through the epidural 
catheter. What is the maximum recommended bupiva-
caine infusion rate for a prolonged epidural catheter?

A. 0.1 mg/kg per hour
B. 0.25 mg/kg per hour
C. 0.5 mg/kg per hour
D. 0.75 mg/kg per hour

18. A  2-year-old, 14  kg boy undergoes bilateral trans-
versus abdominis plane nerve blocks using 0.25% bupi-
vacaine with epinephrine under general anesthesia with 
laryngeal mask airway (LMA). At the time of injection, 
the heart rate is noted to increase. Moments later, the 
rhythm strip looks like the ECG strip in Figure 22.1 
and the patient has no carotid pulse.

Which of the following is the most appropriate next 
step in management?

A. Begin chest compressions.
B. Initiate intralipid infusion.
C. Administer IV epinephrine 10 µg/kg.
D. Remove the LMA and intubate the patient.

19. A  9-month-old is undergoing circumcision under 
general anesthesia. A  caudal block is performed for 
postoperative pain control. When correctly perform-
ing a caudal block, which of the following structures is 
traversed?

A. Ligamentum flavum
B. Sacral foramen
C. Sacral hiatus
D. Pia mater

20. Which of the following is true regarding spinal 
anesthesia in neonates?

A. Spinal anesthesia without sedation makes neonates 
agitated, worsening surgical conditions.

B. Spinal anesthesia without supplemental sedation 
reduces rates of postoperative apnea compared to 
general anesthesia.

C. Spinal anesthetics are typically placed at the L3-L4 
interspace.

D. The subarachnoid space is typically 2 cm from 
the skin.

21. An 11-month-old, otherwise healthy female pres-
ents for right-sided cleft lip repair. Following mask 
induction with sevoflurane and nitrous oxide, an 
intravenous line is placed and the patient is intubated. 
The anesthesiologist then performs an infraorbital 
block for postoperative analgesia. The infraorbital 
nerve is an extension of which of the following cranial 
nerves?

A. Facial nerve (VII)
B. Ophthalmic nerve (V1)
C. Maxillary nerve (V2)
D. Mandibular nerve (V3)

figure 22.1 ECG strip for the patient in Question 18. (Modified from http://tmedweb.tulane.edu/tmedwiki/doku.php/ecg_interpretation_of_  
arrhythmias.)
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22. Which of the following patients is most likely to 
suffer cardiotoxicity following accidental intravascular 
injection of bupivacaine?

A. A nervous, tachypneic 7-year-old about to undergo 
open reduction of a radial fracture

B. A 14-year-old undergoing craniotomy who received 
furosemide at induction

C. A 4-year-old with a perforated appendix and 
symptoms of sepsis

D. A 1-month-old male with pyloric stenosis and 
metabolic alkalosis

23. An 8-month-old female undergoing bilateral ure-
teral reimplantation receives a single-shot caudal block 
for postoperative analgesia. The anesthesiologist opts 
to add clonidine as an adjunct to a solution of 0.125% 
bupivacaine to inject into the caudal space. An increase 
of which of the following is associated with both neur-
axially administered clonidine and neuraxially admin-
istered opioids?

A. Nausea
B. Urinary retention
C. Somnolence
D. Ileus

24. Which of the following statements regarding local 
anesthetics is true?

A. The unionized form of local anesthetics blocks 
sodium channels while the ionized form does not.

B. Ester local anesthetics undergo breakdown into 
methylparaben, which can cause allergic reactions.

C. Motor fibers are the most sensitive to local anesthetic 
blockade.

D. Local anesthetics potentiate neuromuscular 
blockade.

25. A  14-year-old patient with primary pulmonary 
hypertension awaiting lung transplantation falls into a 
glass panel and sustains a deep laceration over the lat-
eral aspect of the forearm as well as smaller lacerations 
of the hand. Which of the following blocks is most 
appropriate for analgesia in this patient?

A. Brachial plexus block, axillary approach, and 
musculocutaneous block

B. Brachial plexus block, axillary approach
C. Brachial plexus block, supraclavicular approach
D. Brachial plexus block, interscalene approach

26. Which of the following combinations of regional 
block and surgery is correct?

A. Femoral nerve block; club foot with lateral incision
B. Interscalene approach, brachial plexus block; 

reimplantation of the 4th and 5th hand digits
C. Sciatic nerve block; distal femoral osteotomy
D. Greater auricular nerve block; 

tympanomastoidectomy

27. When considering the following picture, which of 
the statements is true?

 

lung 

 
Transverse

process 

A. Needle is out of plane.
B. Transducer configuration is curvilinear.
C. Needle direction is medial to lateral.
D. There is an acoustic shadow under the transverse 

process.

28. A 6-month-old baby has a thoracic epidural placed at 
the T4 level for analgesia following resection of a cystic 
adenomatous malformation via a thoracotomy incision. 
Which of the following is NOT an accepted method to 
confirm epidural tip placement in infants:

A. Fluoroscopy
B. Electrical stimulation
C. Loss of resistance to air
D. Ultrasound

29. Which of the following is true of a unilateral tho-
racic paravertebral block:

A. Hypotension occurs in >10% of patients.
B. Intrathecal injection can occur.
C. Urinary retention is common.
D. The cardiac accelerator nerves are frequently affected.

30. Contraindications to caudal approach to the epi-
dural space include all of the following EXCEPT:

A. Localized skin infection over sacral hiatus
B. Age less than 5 days
C. Coagulopathy/thrombocytopenia
D. Allergy to local anesthetic
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31. A 6-year-old child is having an open reduction, inter-
nal fixation (ORIF) of the hip via an incision over the 
greater trochanter. When used alone, which of the follow-
ing blocks is most likely to result in inadequate analgesia?

A. Fascia iliaca block
B. Lumbar plexus block
C. L2 lumbar epidural block
D. Sciatic nerve block

32. Which adjustment to the ultrasound settings will 
best improve the quality of the image of the median 
nerve depicted in the following image?

A. Decrease gain
B. Increase gain
C. Decrease depth
D. Decrease frequency

33. A 4 kg, 2-month-old infant with intestinal malrotation 
is having a laparotomy via a midline abdominal incision. 
A thoracic epidural is placed at the T8 level. Which of the 
following is an appropriate local anesthetic infusion?

A. Bupivicaine 0.1% at 1.0 mL/hr
B. Ropivicaine 0.1% at 2.0 mL/hr
C. 3% 2-chloroprocaine at 2.0 mL/hr
D. 2% lidocaine at 2.0 mL/hr

34. Ultrasound guided blockade of the structure indi-
cated by the arrow in the image below would be appro-
priate for the following surgery:

Iliooas muscle  

M L 

A. Polydactyly correction of the hand
B. Anterior cruciate ligament repair
C. Bunionectomy
D. Unilateral inguinal herniorraphy

35. The arrow in this image indicates which structure of 
the abdominal wall?

LM

superficial

A. Internal oblique muscle
B. Quadratus lumborum muscle
C. Rectus abdominus muscle
D. Transversus abdominis muscle

36. Immediately after the administration of a caudal 
block with 8 mL of 0.25% bupivacaine, a 9-month old, 
10 kg infant develops PVC, bradycardia and subsequent 
ventricular tachycardia. Which of the following is NOT 
appropriate?

A. Call for cardiopulmonary bypass setup.
B. Initiate PALS protocol.
C. Ventilate with 100% oxygen.
D. Bolus with 1.5 mL/kg of 1% intralipid.

37. A 3.5 kg, 3-week old neonate with severe retrognathia 
presents for a laparotomy via a midline abdominal inci-
sion for intestinal malrotation. A  thoracic epidural is 
placed at the T9 level. Which of the following is correct?

A. Neonates are at increased risk for bupivacaine toxicity 
due to increased alpha-1 acid glycoprotein availability.

B. The addition of hydromorphone to the epidural 
solution in this patient is appropriate.

C. The prolonged elimination half-time of 
chloroprocaine makes it an inappropriate choice of 
local anesthetic for neonates.

D. Amide local anesthetics are dependent on mature 
hepatic function and adequate hepatic blood flow for 
metabolism.

38. A  10-year-old child is undergoing an ORIF of a 
proximal fibula fracture via an incision located lateral 
to the tibial tubercle. Foot drop postoperatively can be 
caused by all of the following EXCEPT:

A. Tightly placed cast
B. Vascular disruption
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C. Femoral nerve block
D. Traumatic disruption of sciatic nerve

39. A  90  kg, 14-year-old is scheduled for a proximal 
tibial/fibula osteotomy under general anesthesia with a 
subgluteal sciatic nerve block for postoperative analge-
sia. Which of the following statements is true concern-
ing ultrasound transducers?

A. A linear probe has a range of view equal to the 
footprint of the probe.

B. A linear probe has a range of view wider than the 
footprint of the probe.

C. A curvilinear probe has a range of view equal to the 
footprint of the probe.

D. A transducer transmitting at 16 MHz is preferred 
for ultrasound imaging of deep structures.

40. Which of the following combinations of ultra-
sound probe and planned regional block is most 
appropriate:

A. Linear array probe, 14 MHz; gluteal approach to the 
sciatic nerve block for a 13-year-old, 75 kg patient

B. Curved array probe; 6 MHz; paravertebral block for 
a 3-year-old, 15 kg patient

C. Linear array probe, 16 MHz; femoral nerve block for 
a 13-year-old, 40 kg patient

D. Linear array probe, 5 MHz; transversus abdominus 
plane block for a 2-month-old, 3 kg patient

41. Which of the following contribute to the increased 
susceptibility of neonates to local anesthetic systemic 
toxicity from ropivacaine compared to adults:

A. An increased serum fibrinogen concentration
B. Decreased systemic uptake of local anesthetic
C. A decreased serum alpha-1 acid glycoprotein 

concentration
D. Increased cytochrome P450 enzyme activity

42. Which of the following statements is true con-
cerning the anatomy of the central nervous system in a 
newborn?

A. Conus medullaris ends at L3; dural sac ends at S3
B. Conus medullaris ends at L1; dural sac ends at S1
C. Conus medullaris ends at L3; dural sac ends at S1
D. Conus medullaris ends at L1; dural sac ends at S3

43. When comparing spinal anesthesia in neonates with 
spinal anesthesia in older children, which of the follow-
ing is increased in neonates?

A. Dose requirement
B. Duration of action
C. Hemodynamic changes
D. Motor density

44. Which of the following is not considered a contrain-
dication to neuraxial blockade?

A. INR = 1.5
B. Postoperative warfarin without INR monitoring 

prior removal of catheter
C. Prophylactic enoxaparin (0.5 mg/kg) subcutaneously 

BID, last dose given 13 hours ago
D. Discontinuation of ticlopidine 8 days ago
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chaPter 22 ansWers

1.  A N S W E R :  B

The three properties of a local anesthetic that are 
important to know are the lipid solubility, pKa, and 
protein binding. A drug that is highly lipid soluble will be 
more potent than one that is more water soluble because it 
will more easily enter the nerve cell. Local anesthetic (LA) 
potency directly correlates with octanol solubility, mean-
ing increased lypophilicity and increased ability to cross 
lipid membranes. Potency will increase with the addition 
of large hydrophobic (alkyl) groups. The amount of LA 
necessary to block nerve conduction is affected by nerve 
fiber size, type, myelination, pH, nerve stimulation 
frequence, and serum electrolyte levels. The LA action 
onset depends on lipid solubility and the ratio of unionized 
to ionized molecule; the unionized molecule is more lipid 
soluble.

Local anesthetics with a pKa closest to physiological 
pH will have (at physiological pH) a greater fraction of 
nonionized base that more readily permeates the nerve 
cell membrane, generally facilitating a more rapid onset 
of action. A  drug with a higher pKa will exist predomi-
nantly in the unionized form at physiologic pH, making it 
easier to pass into cells and thus have a quicker time to onset. 
This is the logic behind adding bicarbonate to local anes-
thetics in order to speed their onset. It is the lipid-soluble 
form that more readily diffuses across the neural sheath 
(epineurium) and passes through the nerve membrane. 
Once inside the cell, the ionized molecule is what binds to 
the Na channel more readily. The pKa is not the only factor 
affecting the onset of LA action as 2-chloroprocaine, which 
has the fastest onset, has the greatest pKa of the commonly 
used LAs.

LA duration is directly linked to potency and lipid 
solubility. More lipid-soluble LAs have a longer duration 
because they diffuse more slowly away from the tissue. 
Also, the more lipid soluble a LA, the greater the amount of 
plasma protein binding, mostly to alpha1-acid glycoprotein 
and somewhat to albumin. Molecular weight may contrib-
ute to the duration of action, but by itself it does not deter-
mine potency, pKa, or duration.

K E Y FAC T S

• The three properties of a local anesthetic that are 
important to know are the lipid solubility, pKa, and 
protein binding.

• A drug that is highly lipid soluble will be more potent 
than one that is more water soluble.

• Local anesthetics with a pKa closest to physiological 
pH will have (at physiological pH) a greater fraction of 

nonionized base that more readily permeates the nerve 
cell membrane, generally facilitating a more rapid onset 
of action.

• LA duration is directly linked to potency and lipid 
solubility.
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2 .  A N S W E R :  C

Although somewhat arbitrary, consensus among anesthe-
siologists is that each local anesthetic has a maximum 
dose that should be administered in order to avoid com-
plications of local anesthetic toxicity, which at worst 
can manifest as seizures or cardiovascular collapse. For 
ropivacaine the consensus is a maximum dose of 3 mg/kg, 
which for a 20  kg patient would be 60 mg. A  0.2% solu-
tion of ropivacaine contains 2 mg/mL. Dividing 60 mg by  
2 mg/mL gives us 30 mL. Note that recommended maxi-
mum doses of local anesthetics have never been evaluated 
by randomized control trials for obvious reasons and what 
constitutes a toxic dose depends on various factors that 
affect the degree of vascular absorption.

The location where local anesthetic is deposited affects 
the rate of absorption. Rate of absorption of local anesthetic 
will affect serum levels and risk of toxicity (see Table 22.1).

Rate of absorption by site of injection:

Tracheal > intercostal > caudal > paracervical > epi-

dural > brachial > sciatic > subcutaneous

Table 22 .1 MaxIMuM recoMMended doses (In 
Mg/Kg) of local anesthetIcs

Esters

Benzocaine unknown

2-chloroprocaine 12–20

cocaine 3

Procaine 12

tetracaine 1.5

Amides

lidocaine 4 (7 with epinephrine)

Bupivacaine 2.5–3 (with or without epinephrine)

ropivacaine 3 (with or without epinephrine)

Mepivacaine 7

Prilocaine 6–8 (with or without epinephrine)
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K E Y FAC T S

• Each local anesthetic has a maximum dose that should 
be administered in order to avoid complications of 
local anesthetic toxicity, which at worst can manifest as 
seizures or cardiovascular collapse.

• The location where local anesthetic is deposited affects 
the rate of absorption.

• Rate of absorption of local anesthetic will affect serum 
levels and risk of toxicity.

• Rate of absorption by site of injection:
Tracheal > intercostal > caudal > paracervical > 
epidural > brachial > sciatic >subcutaneous

references

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 
2009:871.
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3 .  A N S W E R :  B

The brachial plexus is divided into five regions before 
forming the terminal branches. Moving proximally to 
distally, these five regions are roots, trunks, divisions, 
cords, and branches (“Robert Taylor Drinks Cold Beer”). 
The plexus is anesthetized with blocks traditionally at 
one of four locations (interscalene, supraclavicular, 

infraclavicular, and axillary). The interscalene block is 
performed the most proximally at the level of the roots/
trunks. The supraclavicular approach to the brachial 
plexus block (BPB) is commonly associated with the level of 
the trunks, but some of the lower segments may be blocked 
at the level of the divisions as well. The infraclavicular 
approach to the BPB target the cords, and the axillary 
approach targets the individual branches—this is easy to 
remember if you imagine that the axillary block requires 
anesthetizing individual nerves (see Fig. 22.2).

The interscalene approach to the brachial plexus 
peripheral nerve block is done at the level of the C6 verte-
brae, cricoid cartilage. The roots/trunks (superior, middle, 
and inferior trunks) are located between the anterior and 
middle scalene muscles. This approach is typically used 
for surgeries of the shoulder and arm. The supraclavicu-
lar approach to the brachial plexus block is approached 
above the clavicle, lateral to the posterior border of the 
sternocleidomastoid muscle. The needle should not pass 
below the first rib. The divisions are usually located lat-
eral to the subclavian artery. This approach is adequate 
for surgeries of the arm. The infraclavicular approach to 
the brachial plexus block is approached below the clavicle 
in the groove between the anterior deltoid and pectoralis 
muscles. The axillary artery is identified between the pec-
toralis major and minor muscles. The three cords of the 
brachial plexus (lateral, posterior, medial) typically are 
found around the artery. This approach is typically used 
for surgeries below the elbow. The axillary approach to 
the brachial plexus block is carried out on the inner arm. 
The axillary artery is located close to, but distal from, the 

Posterior Arm

Anterior Arm

Supraclavicular n.
Lateral Antebrachial Cutaneous n.

Radial n.
Median n.

Ulnar n.

Supraclavicular n.

Ulnar n. Medial Antebrachial Cutaneous n.

Intercostal Brachial n.
and Medial Brachial Cutaneous n.

Axillary n.

Radial n.
Median n. Lateral antebrachial cutaneous n.

Axillary n.

Intercostal Brachial n.
Medial Antebrachial Cutaneous n.

figure 22.2 Upper-extremity dermatome. (From Arbona FL, Khabiri B, Norton JA, Hamilton C, Warniment, K. Ultrasound-Guided Regional 
Anesthesia: A Practical Approach to Peripheral Nerve Blocks and Perineural Catheters. Cambridge, UK: Cambridge University Press; 2011.)
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pectoralis muscle. Axillary veins are usually medial to 
the artery. The median, ulnar, and radial nerves surround 
the axillary artery. The musculocutaneous nerve, which 
innervates the lateral forearm, is often missed and must be 
blocked separately, usually in the fascia between the biceps 
and coracobrachialis.

K E Y FAC T S

• The brachial plexus is divided into five regions before 
forming the terminal branches; moving proximally to 
distally, these five regions are roots, trunks, divisions, 
cords, and branches.

• The plexus is anesthetized with blocks traditionally 
at one of four locations (interscalene, supraclavicular, 
infraclavicular, and axillary).

• The interscalene approach is performed the most 
proximally at the level of the roots/trunks.

• The supraclavicular approach is commonly associated 
with the level of the trunks, but some of the lower 
segments may be blocked at the level of the divisions 
as well.

• The infraclavicular approach to the BPB target the cords.
• The axillary approach to the BPB targets the individual 

branches.

references

Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 
2009:894–7.

Polaner DM, Suresh S, Cote CJ. Regional anesthesia. In: Cote CJ, 
Lerman J, Todres ID, eds. A Practice of Anesthesia for Infants 
and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 
2009:882–4. 

4 .  A N S W E R :  C

A  =  the fascial plane between the internal and external 
oblique muscles. B = the internal oblique muscle. D = the 
transversus abdominis muscle. The transversus abdominis 
plane (TAP) block has become increasingly popular and 
useful to aid with control of posteroperative pain after 
abdominal surgeries since the advent of ultrasound-guided 
regional anesthesia. A TAP block is performed by 
advancing a needle into the space between the internal 
oblique muscle and the transversus abdominis muscle, 
the “transversus abdominis plane,” a potential space where 
the segmental nerves of the abdomen travel. Terminal 
branches of the anterior rami of T7-T12 and L1 travel 
between these two muscle layers. Injecting local anes-
thetic into this space bathes the nerves and results in uni-
lateral analgesia of the abdominal wall skin, muscles, and 
parietal peritoneum. TAP blocks have been used for pain 

control after virtually all types of abdominal incisions as a 
sole analgesic or as an adjunct to IV analgesia.

K E Y FAC T S

• A TAP block is performed by advancing a needle into 
the space between the internal oblique muscle and the 
transversus abdominis muscle.

• The “transversus abdominis plane,” between the internal 
oblique muscle and transversus abdominis muscle, is 
a potential space where the segmental nerves of the 
abdomen travel.

• Terminal branches of the anterior rami of T7-T12 and 
L1 travel between these two muscle layers.
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5 .  A N S W E R :  C

In general, one can think of the complications of caudal 
placement as the same as those of epidural placement. The 
most feared complications are epidural hematoma and epi-
dural abscess, as both can potentially cause lifelong paraly-
sis. However, fortunately these complications are very rare. 
As most of these blocks are performed while the patient 
is under general anesthesia, test doses have a limited role. 
The usual signs of neurotoxicity, sedation, and irritability 
will be masked by general anesthesia. Thus, the first signs 
of toxicity after inadvertent intravascular injection of 
local anesthetic may be tonic-clonic seizure activity (in 
the nonparalyzed patient), arrhythmias, hypotension, 
and cardiopulmonary arrest. Hypertension and tachy-
cardia may result if epinephrine is present and a positive 
test dose is given, but in this instance no epinephrine was 
used. Injection into the subarachnoid space can result in 
apnea due to total spinal blockade. To avoid these com-
plications, one should always aspirate from a catheter and 
follow with a test dose, which includes local anesthetic and 
epinephrine prior to injecting a full dose of local anesthetic 
into any neuraxial space in order to increase the chance of 
discovery of intravascular placement of the caudal needle/
catheter. Urinary retention may occur following genito-
urinary surgery, but local anesthesia via either caudal or 
peripheral blockade has not been implicated as a causal fac-
tor. Neuraxially administered opioids, however, are asso-
ciated with urinary retention. Para-aminobenzoic acid 
(PABA) is a metabolite of ester-type local anesthetics, so 
an amide such as bupivacaine does not pose a risk for an 
allergic reaction. If an amide local anesthetic contained 
methylparaben as a preservative, it could result in a reac-
tion as methylparaben is metabolized into PABA.
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K E Y FAC T S

• The most feared complications of caudal anesthesia are 
epidural hematoma and epidural abscess, as both can 
potentially cause lifelong paralysis.

• In the pediatric patient, with a block placed 
under general anesthesia, the first signs of toxicity 
after inadvertent intravascular injection of local 
anesthetic may be tonic-clonic seizure activity (in the 
nonparalyzed patient), arrhythmias, hypotension, and 
cardiopulmonary arrest.

• Injection into the subarachnoid space can result in apnea 
due to total spinal blockade.

• Local anesthesia via either caudal or peripheral 
blockade has not been implicated as a causal factor in 
urinary retention, although neuraxially administered 
opioids have.

• PABA is a metabolite of ester-type local anesthetics.
• If an amide local anesthetic contained methylparaben 

as a preservative, it could result in a reaction as 
methylparaben is metabolized into PABA.
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6 .  A N S W E R :  C

This patient is exhibiting symptoms of methemoglo-
binemia, a condition that results from the oxidation of 
hemoglobin to methemoglobin by certain medications. 
Methemoglobin can cause blood to appear a deep, 
chocolate brown, a color that tricks the pulse oximeter 
into reading an oxygen saturation in the mid 80s, even 
though the PaO

2
 may be greater than 100  mm Hg. The 

body possesses methemoglobin reductase to reduce met-
hemoglobin back to hemoglobin, but children less than 
3 months of age lack sufficient levels to prevent the onset 
of clinical symptoms. It is thus recommended that trig-
gering medications be avoided in this age group. The local 
anesthetics prilocaine and benzocaine have been impli-
cated as triggers for methemoglobinemia. Prilocaine is 
one of the local anesthetics in EMLA (eutectic mixture 
of local anesthetics) cream, which holds 2.5% prilocaine 
(25 mg/mL) and 2.5% lidocaine (25 mg/mL). The patient 
in this scenario may have received it for IV placement. 
Systemic absorption if placed on broken or inflamed skin 
can be much higher than normal. Treatment includes 
increased concentrations of inspired O

2
 and intravenous 

methylene blue.

This patient could be having an allergic reaction to a 
local anesthetic as well. However, allergic reactions spe-
cifically caused by a local anesthetic are rare. If a reaction 
occurs after local anesthetic use, it is usually the result of 
sensitivity to methylparaben, a preservative, or sul-
fites, which prevent degradation of vasopressors such 
as epinephrine. Ester-type local anesthetics are much 
more likely to cause an allergic reaction compared to the 
amide-type local anesthetics because of the formation 
of PABA during their metabolism. PABA can cause 
allergic reactions ranging from urticaria to analphylaxis. 
Additionally, PABA forms during methylparaben metab-
olism, the preservative usually found in multidose vials of 
lidocaine.

K E Y FAC T S

• Methemoglobin can cause blood to appear a deep, 
chocolate brown.

• With methemoglobinemia, the pulse oximeter may 
display an oxygen saturation in the mid 80s, even 
though the PaO

2
 may be greater than 100 mm Hg.

• Methemoglobin reductase reduces methemoglobin to 
hemoglobin, but children less than 3 months of age lack 
sufficient levels.

• The local anesthetics prilocaine and benzocaine have 
been implicated as triggers for methemoglobinemia.

• Prilocaine is one of the local anesthetics in EMLA 
cream, which holds 2.5% prilocaine (25 mg/mL) and 
2.5% lidocaine (25 mg/mL).

• Allergic reactions specifically caused by a local anesthetic 
are rare and are usually the result of sensitivity to 
methylparaben, a preservative, or sulfites, which prevent 
degradation of vasopressors such as epinephrine.

• Ester-type local anesthetics are much more likely to 
cause an allergic reaction compared to the amide-type 
local anesthetics because of the formation of PABA 
during their metabolism.
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7.  A N S W E R :  D

In infants it is typically preferable to advance a caudal 
catheter to the lumbar or thoracic space when higher 
levels of analgesia are desired (see Figure 22.3). However, 
experienced pediatric anesthesiologists can also perform 
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epidural placement between the lumbar or thoracic verte-
brae. The midline approach to epidural placement is more 
common in pediatric patients as the spinous processes, 
even in the thoracic region, are almost horizontal. Thus, 
the epidural needle should be advanced almost perpendic-
ular to the plane of the back. The technique for epidural 
placement in children is difficult because infants have a 
thin, less dense ligamentum flavum that makes a loss 
of resistance difficult to feel. In addition, the neonatal 
spinal cord extends to L2-L3, creating the potential for 
serious complications if the subarachnoid space is acciden-
tally reached. The subarachnoid space is roughly 1 cm from 
the skin in a preterm neonate and increases with age.

Complications from epidural anesthesia in pediatric 
patients are similar to those in adults and include intra-
vascular injection of local anesthetic, subarachnoid injec-
tion, intrathecal injection, spinal cord injury, epidural 

abscess, and epidural hematoma. However, epidurals in 
pediatric patients are very often completed under general 
anesthesia, a rare occurrence in adult patients. It may be 
more likely for intraosseous local anesthetic injection 
because neonates and infants have decreased bone 
density and calcification. Additionally, inadvertent 
catheter removal may occur with increased movement 
of children. Since the distance from skin to the epidural 
space is less than in adults, it is more likely that local anes-
thetic from the catheter infusion will leak, resulting in 
dressing removal.

K E Y FAC T S

• In infants it is typically preferable to advance a caudal 
catheter to the lumbar or thoracic space when higher 
levels of analgesia are desired.

(A) (D)

(B)

Caudal catheter

Tegaderm

Posterior
superior

iliac spine

Sacrum

Sacrum

Sacral membrane

Coccyx

Sacral cornu
Sacral hiatus

Coccyx

Posterior
superior

iliac spine

(C)

figure 22.3 Performing a caudal block. The child is placed in a lateral decubitus position (A). The posterior superior iliac spines are located and the 
sacral cornu is palpated; either an intravenous needle, an intravenous catheter, or a Crawford needle of appropriate size is advanced at an angle 
of approximately 45 degrees until a distinct “pop” is felt as the needle pierces the sacrococcygeal ligament (B). The angle of the needle with the 
skin is reduced parallel to the sacrum, and the needle or intravenous catheter is advanced into the caudal canal (C). If a continuous technique is 
used, the caudal catheter is advanced to the mid level of the surgical incision (it usually readily passes in children younger than age 5 years), and 
the introducing needle or catheter is withdrawn. The catheter is secured with benzoin and an occlusive dressing (D). (From Cote CJ, Lerman J, 
Todres ID, eds. A Practice of Anesthesia for Infants and Children. 4 ed. Philadelphia, PA: Saunders Elsevier; 2009.)
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• The midline approach to epidural placement is more 
common in pediatric patients as the spinous processes, 
even in the thoracic region, are almost horizontal.

• Infants have a thin, less dense ligamentum flavum that 
makes a loss of resistance difficult to feel.

• The neonatal spinal cord extends to L2-L3.
• The subarachnoid space is roughly 1 cm from the skin in 

a preterm neonate.
• In neonates and infants, intraosseous local anesthetic 

injection may be more likely due to decreased bone 
density and calcification.
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8 .  A N S W E R :  A

Infants actually have increased volumes of distribu-
tion for hydrophilic drugs compared to adults due to 
their higher aqueous volumes on a per kilogram basis. 
If a similar amount on a mg/kg basis were injected intra-
venously into an infant and an adult, the overall amount 
of drug would be diluted over a much larger amount of 
blood volume and therefore produce a lower concentra-
tion, although long-term infusions can lead to buildup of 
local anesthetics in the increased available volume. Most 
properties of infants put them at higher rather than lower 
risk of toxicity. The concentrations of alpha1-acid gly-
coprotein and albumin are less in neonates, resulting 
in a greater amount of free, non-protein-bound, local 
anesthetic in the serum. The concentration of local anes-
thetic in plasma is up to 30% more in infants less than  
6 months of age, and higher in preterm infants. The lido-
caine serum concentration which results in neonatal  
cardiovascular and respiratory depression is half of 
that in adults. Infants are unable to report the early signs 
of local anesthetic toxicity, which includes perioral par-
esthesias and tinnitus, but this of course does not mean 
that they are not still at risk for toxicity. Decreased P450 
activity in the liver results in decreased clearance of amide 
local anesthetics when long infusions are used. In infants 
and children, epidural infusions of bupivacaine appear to 
result in its accumulation. It is recommended that for epi-
durals, bolus and infusion doses are decreased by 30% 
for infants less than 6 months old to reduce the chance 
of toxicity. Because infants are small, their maximum rec-
ommended doses of local anesthetics are reached more 
easily, making it easier to administer toxic levels of local 
anesthetics.

K E Y FAC T S

• Infants actually have increased volumes of distribution 
for hydrophilic drugs compared to adults due to their 
higher aqueous volumes on a per kilogram basis.

• The concentrations of alpha1-acid glycoprotein and 
albumin are less in neonates, resulting in a greater 
amount of free, non-protein-bound, local anesthetic in 
the serum.

• The lidocaine serum concentration which results in 
neonatal cardiovascular and respiratory depression is 
half of that in adults.

• Decreased P450 activity in the liver results in decreased 
clearance of amide local anesthetics when long infusions 
are used.

• It is recommended that for epidurals, bolus and infusion 
doses are decreased by 30% for infants less than 
6 months old to reduce the chance of toxicity.
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9.  A N S W E R :  D

A motor injury resulting in problems with plantarflexion 
combined with a sensory defect on the plantar surface of the 
foot is consistent with tibial nerve injury. The tibial nerve 
innervates the muscles of the posterior leg, which invert and 
plantarflex the foot as well as flexing the toes. The saphe-
nous nerve does not innervate any motor structures, but it 
has sensory innervation of the medial leg and foot. The deep 
peroneal nerve has sensory innervation between the first and 
second digits and motor action in the anterior leg, dorsiflexing 
the foot and extending the toes. The sural nerve has no motor 
innervation and receives sensory information from the lateral 
leg, lateral sole, and dorsal fifth toe. The superficial peroneal 
nerve receives sensory information from the dorsum of the 
foot and its motor function involves ankle eversion.

K E Y FAC T S

• Ankle dorsiflexion is innervated by L4/L5 nerve roots, 
deep peroneal nerve

• Ankle plantar flexion is innervated by S1/S2 nerve roots, 
tibial nerve

• Ankle inversion, tibial nerve
• Ankle eversion, innervated by L5/S1 nerve roots, 

superficial peroneal nerve
• Toe dorsiflexion, deep peroneal nerve
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10 .  A N S W E R :  B

The intercostobrachial nerve is not part of the brachial 
plexus but rather is a branch of T2. It is the lateral cuta-
neous branch of the second intercostal nerve. As a result, 
blockade of the brachial plexus at any location will fail to 
block its sensory innervation of the medial arm. For pro-
cedures in this area, the intercostobrachial nerve should 
be blocked by injecting local around it in the proximal 
medial aspect of the arm, just below the axilla. The 
supraclavicular nerve innervates the anterior shoulder 
and upper pectoralis major and is a branch of the cervical 
plexus. As it is also not a part of the brachial plexus, a shoul-
der incision will not be covered by a brachial plexus block 
unless a high enough volume of local anesthetic is used and 
it spreads to the superficial cervical plexus, which is super-
ficial to the brachial plexus at the level of the interscalene 
block. The musculocutaneous nerve, which gives rise to 
the lateral antebrachial cutaneous nerve, has sensory inner-
vation of the lateral forearm; it leaves the brachial plexus at 
the level of the proximal arm and can be missed with axil-
lary or infraclavicular blocks. At the level of the proximal 
arm, the musculocutaneous nerve passes through the cora-
cobrachialis muscle and travels between the biceps brachii 
and the brachialis muscles. The medial antebrachial cuta-
neous nerve is a branch of the medial cord, travels medial 
to the brachial artery, and supplies sensation to the medial 
arm and forearm.

K E Y FAC T S

• The intercostobrachial nerve is not part of the brachial 
plexus but rather is a branch of T2.

• The supraclavicular nerve innervates the anterior 
shoulder and upper pectoralis major and is a branch of 
the cervical plexus.

• The musculocutaneous nerve, which gives rise to 
the lateral antebrachial cutaneous nerve, has sensory 
innervation of the lateral forearm.

• The medial antebrachial cutaneous nerve is a branch 
of the medial cord, travels medial to the brachial 
artery, and supplies sensation to the medial arm and 
forearm.
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11.  A N S W E R :  B

Ultrasound uses sound waves of high frequency, 1–10 
MHz. Frequency is the number of oscillations per unit 
time and is measured in hertz. Hertz is cycles per second. 
Thus, MHz or megahertz is 106 Hz. A  high-frequency 
sound wave is emitted by the ultrasound probe. The 
ultrasound probe, or transducer, contains peizo-electric 
crystals, which create sound waves of a particular fre-
quency when they vibrate. A  medium, or tissue, is 
required to use this technology for medical purposes. 
Ultrasound images are produced by ref lection of the 
ultrasound waves. The ultrasound wave is ref lected 
from tissue, alters the crystal shape within the ultra-
sound probe, and is translated into a picture. The greater 
the strength of the returning sound wave, the brighter 
the image displayed. Energy is lost, attenuated, when 
the sound waves interact with tissue through ref lection, 
scattering, absorption, refraction, and diffraction. At 
the boundary between two materials, ultrasound waves 
will be ref lected if they have different properties or dif-
ferent acoustic impedances.

Recall that frequency and wavelength are inversely 
proportional, and one must decrease if the other increases. 
An ultrasound transducer should be chosen based on the 
depth of the structure to be visualized. The signal from an 
ultrasound probe, which produces sound waves of lower fre-
quency and higher wavelength of the pulses, travels further 
distance within a medium and has greater depth or “pen-
etration.” An ultrasound tranducer with higher frequency 
and lower wavelength has less penetration, but better clar-
ity or “resolution” of the image. Resolution, or clarity, is the 
ability to detect objects as distinct entities that are close to 
one another. The higher the frequency, the greater the reso-
lution, or ability to detect closely spaced objects as distinct 
entities. Gain is set by the ultrasound machine and refers to 
the degree of amplification of the returning sound waves. It 
is a measure of the amplitude that will be added to a signal 
output—this can make images easier to see, but high levels 
of gain will also amplify small, incidental reflections picked 
up by the probe and thus increase artifact. Image coupling 
is improved by the use of ultrasound gel, which acts to 
remove the air barrier that would otherwise exist between 
skin and the probe. This decreases impedence and decreases 
the amount of signal that is otherwise reflected and lost.

K E Y FAC T S

• Ultrasound uses sound waves of high frequency, 
1–10 MHz.

• Frequency is the number of oscillations per unit time 
and is measured in hertz. Hertz is cycles per second.

• Ultrasound images are produced by reflection of the 
ultrasound waves.
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• Frequency and wavelength are inversely proportional 
and one must decrease if the other increases.

• An ultrasound tranducer with higher frequency and 
lower wavelength has less penetration but better clarity 
or “resolution” of the image.

• The higher the frequency, the greater the resolution,  
or ability to detect closely spaced objects as distinct 
entities.
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12. ANSWER: D

The interscalene approach to the brachial plexus block 
is carried out at the level of the cricoid cartilage, C6. At 
this level the brachial plexus is seen lateral to the carotid 
artery and internal jugular vein between the anterior and 
middle scalene muscles. The brachial plexus is deep to 
the prevertebral fascia, sternocleidomastoid muscle, and 
superficial cervical plexus. At this level, local anesthetic 
is placed near the trunks, sometimes roots, using direct 
visualization with an ultrasound, or less frequently with 
nerve stimulation. Typically, the interscalene approach to 
brachial plexus blockade is used for pain control of the 
ipsilateral shoulder and/or arm. With this approach, the 
lower roots/trunk may be missed, not providing optimal 
sensory blockade of the distal upper extremity, typically in 
the ulnar distribution.

It has been estimated that nearly 100% of properly 
placed interscalene blocks result in ipsilateral diaphrag-
matic paralysis, as the interscalene provides optimal 
blockade at the C3-C5 roots/trunks in close proximity to 
the phrenic nerve. The odds of blocking the phrenic nerve 
decrease as one approaches the brachial plexus for block-
ade more distally. If a patient has had open cardiac surgery, 
a preoperative chest roentogram should be reviewed to 
ascertain if the contralateral phrenic nerve was injured, as 
bilateral phrenic nerve paralysis may result in respiratory 
failure. In addition, many avoid this block in patients with 
severe chronic respiratory disease (restrictive lung disease, 
chronic obstructive pulmonary disease) and anyone using 
the accessory respiratory muscles. Approximately 50% of 
supraclavicular blocks will have phrenic nerve block-
ade and very few infraclavicular blocks will. Blockade of 
the recurrent laryngeal nerve is common as well after 
this block. Horner syndrome from sympathetic chain 
blockade is common and will result in ipsilateral ptosis, 

anhidrosis, miosis, and nasal congestion. Reassurance is all 
most patients require.

Pneumothorax is uncommon with interscalene 
approach to the BPB but is more common with the supra-
clavicular and infraclavicular approaches. If the needle is 
positioned too posteriorly, it is possible to enter the vertebral 
artery or subarachnoid space. Additional vessels to avoid in 
this area are branches of the thyrocervical trunk:  inferior 
thyroid artery, suprascapular artery, and transverse cervi-
cal artery. Subarachnoid injection would result in total spi-
nal blockade and apnea, whereas vertebral artery injection 
would quickly result in seizure. Peripheral neuropathies can 
occur after trauma from a block needle but are rare.

K E Y FAC T S

• The interscalene approach to the brachial plexus block is 
carried out at the level of the cricoid cartilage, C6.

• The brachial plexus is seen lateral to the carotid artery 
and internal jugular vein between the anterior and 
middle scalene muscles.

• The brachial plexus is deep to the prevertebral fascia, 
sternocleidomastoid muscle, and superficial cervical 
plexus.

• At this level, local anesthetic is placed near the trunks, 
sometimes roots.

• Approximately 50% of supraclavicular blocks will have 
phrenic nerve blockade.

• Nearly 100% of properly placed interscalene approaches 
to he BPB result in ipsilateral diaphragmatic paralysis, 
as the interscalene provides optimal blockade at 
the C3-C5 roots/trunks in close proximity to the 
phrenic nerve.

• Blockade of the recurrent laryngeal nerve is common as 
well after this block.

• Horner syndrome from sympathetic chain blockade is 
common.
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13 .  A N S W E R :  D

Although less commonly used since the advent of ultra-
sound, nerve stimulator–guided regional anesthesia 
remains an effective method of determining where to place 
local anesthesia for peripheral nerve blockade. To date, no 
study has shown a decreased complication rate after use 
of the ultrasound versus nerve stimulator for peripheral 
nerve blockade. The femoral nerve is a branch of the lum-
bar plexus and arises from L2, L3, and L4. The nerve travels 
through the psoas muscle, exits from its distal, lateral bor-
der, and runs between the psoas and iliacus muscles before 
passing under the inguinal ligament to the thigh. At the 
inguinal ligament the femoral nerve is lateral and deep to 
the femoral artery. At the femoral crease, the nerve is super-
ficial to the iliacus muscle but deep to the fascia iliaca.

The femoral nerve provides motor innervation to the 
extensors of the thigh. Stimulating the femoral nerve 
will result in a characteristic patellar twitch as a result of 
extensor action from the quadriceps. Plantar flexion and 
foot inversion are mediated by the sciatic nerve, which is 
typically blocked in the posterior thigh and can be used 
for blockade of the posterior thigh and most of the leg 
and foot. Adduction of the hip is mediated by the obtura-
tor nerve, which innervates the medial thigh and can be 
blocked inferolaterally from the pubic tubercle. Flexion 
of the hip is also mediated by the femoral nerve, but 
the fibers and the hip flexors themselves (the psoas mus-
cles) are located much more proximally. Blockade of the 
femoral nerve this proximally is performed with a lum-
bar plexus block. Nerve branches to the sartorius muscle 
leave the femoral nerve proximally. Twitching of the sar-
torius muscle may be from stimulation of these branches 
and not the femoral nerve. Thus, motor response of the 
sartorius muscle should not be used to guide the nerve 
stimulator–guided femoral nerve block.

K E Y FAC T S

• No study has shown a decreased complication rate 
after use of the ultrasound versus nerve stimulator for 
peripheral nerve blockade.

• The femoral nerve is a branch of the lumbar plexus and 
arises from L2, L3, and L4.

• At the femoral crease, the nerve is superficial to the 
iliacus muscle but deep to the fascia iliaca.

• The femoral nerve provides motor innervation to the 
extensors of the thigh.

• Flexion of the hip is also mediated by the 
femoral nerve.
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14 .  A N S W E R :  C

The lateral dorsum of the hand is innervated by the 
radial nerve, which can be blocked at the elbow lateral 
to the biceps tendon at the intercondylar crease in the 
antecubital space. In addition, the radial nerve can also 
be blocked proximally just above the lateral epicondyle 
and at the wrist between the radial artery and f lexor 
carpi radialis muscle. Injecting into or near the coraco-
brachialis is used to block the musculocutaneous nerve 
in the proximal medial arm and will provide sensory 
blockade of the lateral forearm. Injecting in the ulnar 
groove at the medial epicondyle blocks the ulnar nerve. 
At the level of the wrist, the median nerve runs between 
the palmaris longus and f lexor carpi ulnaris tendons. 
The intercostobrachial nerve, an extension of T2, is 
blocked with a superficial field block at the proximal 
medial arm.

K E Y FAC T S

• The lateral dorsum of the hand is innervated by the 
radial nerve.

• Injecting into or near the coracobrachialis is used to 
block the musculocutaneous nerve in the proximal 
medial arm.

• Injecting in the ulnar groove at the medial epicondyle 
blocks the ulnar nerve.
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15 .  A N S W E R :  B

In adults, approximately 500 mL of cerebrospinal fluid 
(CSF) is made each day: 75% from the choroid plexus and 
the other 25% from capillaries in the brain. Spinal anes-
thesia is complicated in children by an increased volume 
of CSF on a per kilogram of body weight basis. Pediatric 
patients require a higher dose of local anesthetic to obtain 
the same level of blockade as in an adult. In addition, 
the turnover of CSF is higher in children than adults, 
resulting in a faster clearance of anesthetic and a quicker 
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resolution of the block. Although the studies are old, data 
suggest that full-term neonates have the highest volumes 
of CSF on a per kilogram basis, followed by preterm neo-
nates, young children, and then adults. Of note, the CSF 
composition is slightly different in pediatric patients than 
adults. In pediatric patients, the CSF has a slightly greater 
glucose level, up to twice the concentration of total pro-
tein, and approximately a 10-fold greater concentration of 
immunoglobulin G.

In infants, Truffier’s line, the line drawn between 
the highest point of the iliac crests, crosses the L4/L5 or 
the L5/S1 interspace versus the body of L4 in adults. In 
neonates, the spinal cord terminates at a lower level than 
in adults, L2-L3 versus L1. Thus, dural puncture in the 
neonate should be done more caudad than in an adult. 
The dural sac also ends at a lower level than in adults, S3 
versus S1. This is important, especially when considering 
caudal anesthesia in a neonate, because passing a needle 
too cephalad may result in inadvertent dural puncture. 
In children, hypotension and bradycardia are much less 
common after spinal anesthesia, even with high blockade, 
and are not routinely given a fluid bolus prior to the anes-
thestic. In addition, the incidence of postdural puncture 
headaches is much less in pediatric patients than adults. 
Spinal anesthesia in children with neuromuscular diseases 
is controversial.

K E Y FAC T S

• In adults, approximately 500 mL of CSF is made each 
day: 75% from the choroid plexus and the other 25% 
from capillaries in the brain.

• Spinal anesthesia is complicated in children by an 
increased volume of CSF on a per kilogram of body 
weight basis.

• Pediatric patients require a higher dose of local anesthetic 
to obtain the same level of blockade as in an adult.

• The turnover of CSF is higher in children than adults, 
resulting in a faster clearance of anesthetic and a quicker 
resolution of the block.

• In infants, Truffier’s line, the line drawn between the 
highest point of the iliac crests, crosses the L4/L5 or the 
L5/S1 interspace versus the body of L4 in adults.

• The incidence of postdural puncture headaches is much 
less in pediatric patients than adults.
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16 .  A N S W E R :  D

Spina bifida occulta occurs when vertebrae overlying the 
spinal cord are incompletely formed, remaining open and 
unfused. Spina bifida cystica with meningocele is the least 
common form of spina bifida. In this condition, meninges 
protrude through the gap from the unfused vertebrae, but 
the spinal cord is in its normal location. The nervous system 
is not affected, and there is unlikely to be long-term con-
sequences. Spina bifida cystica with myelomeningocele 
is most likely to result in severe nervous system deficits. In 
this condition, both the meninges and spinal cord protrude 
through the vertebral defect. The presence of a myelomenin-
gocele makes the position of the spinal cord uncertain and 
significantly raises the risk for subarachnoid injection and is 
thus an absolute contraindication to caudal anesthesia.

Cerebral palsy is a nonspecific term for chronic, non-
progressive abnormal muscle tone, strength, coordination, 
and/or movement. It results from a cerebral insult before 
birth, during labor or delivery, or in the perinatal period. 
Other neurologic comorbities such as blindness, deafness, 
and epilepsy are common. The details, severity, and course 
of this illness vary greatly and it is not a contraindication to 
regional anesthesia.

Central core disease, a congenital myopathy, is an 
autosomal dominant illness resulting from point muta-
tions in the ryanodine receptor gene, which encodes the 
skeletal muscle calcium-release channel of the sarcoplasmic 
reticulum. The nonprogressive disease is characterized by 
decreased fetal movements and breech presentation fol-
lowed by hypotonia, delay in motor milestones, and dif-
ficulty with stair climbing, running, and standing from 
a seated position. There is mild face, neck, and proximal 
extremity weakness with legs affected more than arms. 
Skeletal abnormalities occur and include congenital hip dis-
location, scoliosis, pes cavus, and clubbed feet. There is an 
association with malignant hyperthermia, and while con-
troversial, regional anesthesia is not contraindicated.

Conditions that may deform joints, such as cerebral 
palsy, may complicate neuraxial anesthesia placement but 
are not contraindications. Toddlers who can walk are not 
ideal candidates for caudal anesthesia because they may fall 
due to prolonged motor blockade postoperatively. Caudal 
anesthesia becomes more difficult as patients age and the lig-
aments harden, but caudal blocks have even been performed 
in adults. Epilepsy is not a contraindication, although it is 
important to understand the risks of a caudal bupivacaine 
infusion in a neonate. (See answer to Question 17.) Due to 
decreased hepatic clearance and decreased serum protein 
levels and binding, the risk of toxicity after a prolonged 
bupivacaine infusion is increased in the neonate and young 
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infants. It is important to understand that a patient with 
epilepsy receiving a prolonged caudal bupivacaine infusion 
may have an increased risk of seizures.

K E Y FAC T S

• Spina bifida occulta occurs when vertebrae overlying the 
spinal cord are incompletely formed, remaining open 
and unfused.

• Spina bifida cystica with meningocele is the least 
common form of spina bifida.

• Spina bifida cystica with myelomeningocele is most 
likely to result in severe nervous system deficits; both the 
meninges and spinal cord protrude through the vertebral 
defect.

• Cerebral palsy is a nonspecific term for chronic, 
nonprogressive abnormal muscle tone, strength, 
coordination, and/or movement.

• Central core disease, a congenital myopathy, is an 
autosomal dominant illness resulting from point 
mutations in the ryanodine receptor gene.
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17.  A N S W E R :  C

The Anesthesia Patient Safety Foundation reviewed a series 
of 10 convulsions that occurred during 20,000 infant and 
child epidural and intrapleural catheters bupivacaine infu-
sions. Three of the ten pediatric patients had risk factors 
for seizures—hyponatremia, hypomagnesemia, and high 
fever. All other patients had bupivacaine infusion rates 
greater than 0.5 mg/kg per hour. Pharmacokinetic data 
subsequently have shown that epidural or intrapleural bupi-
vacaine infusions over a prolonged period of time will lead 
to serum bupivacaine concentrations high enough to cause 
central nervous system toxicity. C.  Berde recommends 
infusions of no more than 0.4 mg/kg per hour. As most 
pediatric regional anesthesia is performed while patients 

are under general anesthesia, it is imperative that careful 
attention is paid to the amount of local anesthetic given 
during a surgical procedure (see Table 22.2). Single-dose 
safe administration guidelines were developed from phar-
macokinetic studies of pediatric patients who received 
wound infiltration, peripheral nerve blocks, epidural, and 
interpleural local anesthetic. The elimination time in neo-
nates is prolonged compared to older children because of 
decreased hepatic clearance, decreased plasma protein lev-
els, and binding. Maturation is complete by 3–5 months 
of age, but delayed clearance does not increase the risk of 
toxicity after a single injection of local anesthetic. However, 
it significantly increases the risk of toxicity after multiple 
boluses or an infusion.

K E Y FAC T S

• Pediatric patients with bupivacaine infusion rates greater 
than 0.5 mg/kg per hour are at risk for local anesthetic 
systemic toxicity.

• The elimination time in neonates is prolonged compared 
to older children because of decreased hepatic clearance, 
decreased plasma protein levels, and binding.

• Maturation is complete by 3–5 months of age, but 
delayed clearance does not increase the risk of toxicity 
after a single injection of local anesthetic.
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18 .  A N S W E R :  A

The patient in this case has suffered intravenous injection 
of bupivacaine, resulting in complete cardiovascular col-
lapse and cardiac arrest. Bupivacaine has a higher affin-
ity for myocardial sodium channels compared with other 
local anesthetics. Whereas lidocaine often presents with 
neurologic side effects first—paresthesias, seizures, or 
tinnitus—bupivacaine will typically present with cardio-
vascular side effects due to its higher myocardial affinity. 
It is therefore crucial for the anesthesiologist to monitor for 

Table 22 .2 dosIng guIdelInes for regIonal BlocKade

SINGLE DOSE (MG/KG) PROLONGED INFUSION (MG/

KG/HR)

W ITHOUT 

EPINEPHR INE

W ITH 

EPINEPHR INE

OLDER INFANTS 

AND CHILDR EN

NEONATES

lidocaine 5 7 1.5–2 1

Bupivacaine 2–2.5 2–2.5 0.4 0.2
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signs of cardiac toxicity—hypotension, arrhythmia, or com-
plete cardiac arrest—after administration of bupivacaine.

When faced with a case of local anesthetic toxicity, as 
with any emergency it is essential to first remember the 
ABCs (airway, breathing, and circulation) and the pediatric 
advanced life support (PALS) guidelines. Chest compres-
sions should be started as early as possible and epinephrine 
is also indicated given the asystolic rhythm; defibrillation 
is indicated for ventricular arrhythmias but not asystole or 
pulseless electrical activity. A patient who is not breathing 
should be ventilated with 100% oxygen and ultimately intu-
bated if unresponsive, but this is not the most important 
first step if the patient can be adequately ventilated with 
a mask. Patients actively seizing should receive treatment, 
preferably with benzodiazepines. If local anesthetic toxicity 
is the suspected cause of arrest, then treatment with lipid 
emulsion (intralipid) should be instituted. Intralipid is 
a new agent that has shown great efficacy in the treatment 
of local anesthetic toxicity. It is thought to work by provid-
ing a lipophilic medium that bupivacaine will preferentially 
emulsify in, rather than remaining in cardiac ion channels. 
Intralipid is indicated to treat this patient; however, the 
first steps should be standard pediatric advanced life sup-
port, given that he is already in cardiac arrest.

K E Y FAC T S

• Bupivacaine has a higher affinity for myocardial sodium 
channels compared with other local anesthetics.

• Whereas lidocaine often presents with neurologic 
side effects first—paresthesias, seizures, or 
tinnitus—bupivacaine will typically present with 
cardiovascular side effects due to its higher myocardial 
affinity.

• If local anesthetic toxicity is the suspected cause of 
arrest, then treatment with lipid emulsion (intralipid) 
should be instituted.
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19.  A N S W E R :  C

When a caudal block is performed correctly, the order of 
structures encountered is skin > subcutaneous fat > 
sacrococcygeal ligament > sacral hiatus > caudal space. 

The caudal space can be thought of as a continuation of the 
epidural space in children, and the performance of a caudal 
block thus has many parallels to epidural placement. When 
performing a caudal block, the skin and subcutaneous fat 
are traversed en route to entering the sacral hiatus with the 
needle. The sacrococcygeal ligament is felt as a thick struc-
ture that is eventually “popped” through with the needle, 
then entering the caudal canal—the sacrococcygeal ligament 
can therefore be thought of as analogous to the ligamentum 
flavum as both provide the resistance that is lost when enter-
ing the targeted space. Both the caudal and epidural spaces 
are filled with vessels and adipose tissue, although the caudal 
space undergoes changes with age, which contribute to the 
decrease in reliability and popularity of caudal blocks in older 
patients.

Although the sacrococcygeal ligament is analogous to 
the ligamentum flavum, the ligamentum flavum is only 
encountered in epidural placement and not in caudal place-
ment. The sacral foramina are the holes on the left and 
right sides of the sacrum from which the sacral nerve roots 
exit the cauda equina and thus should not be encountered 
when a caudal block is placed correctly in the midline—it is 
essential to correctly identify landmarks before performing 
a caudal block so that a foramen is not accidentally entered, 
as this could potentially cause nerve damage. The pia mater 
is the innermost layer of the meninges and lies in contact 
with the spinal cord. The caudal space is encountered before 
entering the meninges, of which the first and most promi-
nent layer is the dura. The anesthesiologist should always 
aspirate prior to injecting local anesthetic into the caudal 
space in order to avoid a subarachnoid injection, which 
could result in total spinal anesthesia.

K E Y FAC T S

• When a caudal block is performed correctly, the order 
of structures encountered is skin > subcutaneous fat > 
sacrococcygeal ligament > sacral hiatus > caudal space.

• The caudal space can be thought of as a continuation of 
the epidural space in children.

• The sacrococcygeal ligament can therefore be thought 
of as analogous to the ligamentum flavum, as both 
provide the resistance that is lost when entering the 
targeted space.

• The sacral foramina are the holes on the left and 
right sides of the sacrum from which the sacral nerve 
roots exit the cauda equina and thus should not be 
encountered when a caudal block is placed correctly in 
the midline.
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2 0 .  A N S W E R :  B

Spinal anesthesia is an attractive option in neonates hav-
ing lower extremity or lower abdominal surgery because it 
avoids airway manipulation and other hazards of general 
anesthesia. Although the evidence is weak, several studies 
have suggested that infants receiving spinal anesthesia 
without intravenous sedation have lower rates of post-
operative apnea than those receiving general anesthesia, 
making spinal anesthesia an attractive option for preterm 
neonates at high risk for postoperative apnea. Spinal anes-
thesia tends to make neonates fall asleep rather than 
become agitated—this is believed to be due to the decrease 
in sensory input when the lower body afferents are blocked. 
As neonates have undeveloped central nervous systems, a 
decrease in lower body sensory information is a significant 
loss of cortical stimulation from the spino-reticulo-thalamic 
pathway. The subarachnoid space is typically 1.5 cm from 
the skin in a newborn. The distance increases with age until 
adulthood but does not reach 2 cm until roughly 1 year of 
age. A key anatomical difference between pediatric patients 
and adults is the level of termination of the spinal cord. 
Because the neonatal spinal cord ends at L3, it is prefer-
able to perform the spinal at either the L4-L5 or L5-S1 inter-
spaces. Also in contrast to adults, pediatric patients also have 
distinctly different hemodynamic responses to spinal anes-
thesia due to their poorly developed sympathetic nervous 
systems. Whereas adults typically have a pronounced hypo-
tensive response to heavy spinal anesthesia, hypotension is 
typically not seen in neonates. This is important clinically, 
as the first manifestation of a high spinal in a neonate is 
likely to be apnea rather than hypotension or bradycardia.

K E Y FAC T S

• Although the evidence is weak, several studies have 
suggested that infants receiving spinal anesthesia without 
intravenous sedation have lower rates of postoperative 
apnea than those receiving general anesthesia.

• Spinal anesthesia tends to make neonates fall asleep 
rather than become agitated—this is believed to be due 
to the decrease in sensory input when the lower body 
afferents are blocked.

• Because the neonatal spinal cord ends at L3, it is 
preferable to perform the spinal at either the L4-L5 or 
L5-S1 interspaces.

• Spinal anesthesia typically does not cause hypotension in 
neonates.

• The first manifestation of a high spinal in a neonate 
is likely to be apnea rather than hypotension or 
bradycardia.
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21.  A N S W E R :  C

The trigeminal nerve has three branches:  the ophthal-
mic nerve (V1), maxillary nerve (V2), and mandibular 
nerve (V3) that provide the majority of the sensory inner-
vation of the face. Blocks of these nerves are performed by 
a variety of practitioners, including surgeons, dentists, pain 
physicians, and anesthesiologists, depending on the local 
practice and familiarity of each with the blocks themselves. 
The skin over the maxilla, such as that involved in a 
cleft lip, is innervated by the maxillary nerve. One of its 
branches is the infraorbital nerve, which can be blocked 
just below the orbit for pain relief for surgeries of the nose 
and upper lip. The ophthalmic nerve innervates the skin 
superior to the maxillary nerve on the face that covers the 
area around the eyes as well as the forehead. The ophthal-
mic nerve is blocked by the supraorbital block, which is 
performed along the supraorbital ridge superior to the iris. 
The mandibular nerve covers the lower jaw. This nerve is 
frequently blocked for dental procedures. The facial nerve 
has minimal sensory innervation around the ear and is also 
responsible for taste. It is occasionally blocked by pain phy-
sicians for the treatment of neuralgias and can be blocked 
anterior to the mastoid process below the external auditory 
meatus. The glossopharyngeal nerve innervates the phar-
ynx superiorly from the anterior epiglottis. The glossopha-
ryngeal nerve can be blocked in the mouth at the base of the 
palatoglossal arch (see Fig. 22.4).

K E Y FAC T S

• The trigeminal nerve has three branches—the 
ophthalmic nerve (V1), maxillary nerve (V2), and 
mandibular nerve (V3)—that provide the majority of 
the sensory innervation of the face.

• The skin over the maxilla, such as that involved in a cleft 
lip, is innervated by the maxillary nerve.

• The ophthalmic nerve innervates the skin superior to the 
maxillary nerve on the face that covers the area around 
the eyes as well as the forehead.

• The ophthalmic nerve is blocked by the 
supraorbital block.
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2 2 .  A N S W E R :  C

Bupivacaine and ropivacaine cardiotoxicity are potenti-
ated by factors that increase the number of unbound local 
anesthetic molecules in the plasma, which include decreased 
levels of serum proteins and decreased protein bind-
ing. Decreased protein binding is caused by factors such as 
hypoxemia and acidosis. This phenomenon is due to the 
effects of changes in pH on the binding of local anesthet-
ics to serum proteins such as alpha 1-acid glycoprotein and 
albumin. As the pH of the plasma decreases, local anes-
thetics are decreasingly protein bound and increasingly 
found as free molecules in the plasma. The free form is the 
form that interacts with channels and is able to pass through 
cell membranes, including those of cardiac muscle cells. As 
bupivacaine and ropivacaine already have a high affinity for 
myocardial sodium channels, an increase in the free con-
centration is of particular concern. In addition, bupivacaine 
and ropivacaine are highly protein bound at physiologic pH 
(roughly 95% bound), so even a slight decrease in the bound 
fraction can cause a significant increase in the free concen-
tration. As a result, any alteration of the pH can cause a 

huge change in the amount of free molecules and the risk for 
cardiotoxicity. Other patients who are at risk for toxicity due 
to decreased concentrations of plasma proteins are pregnant 
women and neonates.

Conditions that increase the likelihood of their patients 
having hypoxia, respiratory acidosis, or metabolic aci-
dosis will cause patients to have a lower pH and therefore a 
higher risk for bupivacaine cardiotoxicity. Sepsis frequently 
causes a lactic acidosis due to decreased organ perfusion, 
which would put patients at a higher risk. A  tachypneic 
7-year-old would instead have a respiratory alkalosis and 
thus decreased odds of toxicity. Similarly, patients with a 
metabolic alkalosis, such as those caused by diuretics (furo-
semide) or vomiting (pyloric stenosis), will have a higher pH 
and a lower risk of cardiotoxicity.

K E Y FAC T S

• Bupivacaine and ropivacaine cardiotoxicity are 
potentiated by factors that increase the number of 
unbound local anesthetic molecules in the plasma, 
which include decreased levels of serum proteins and 
decreased protein binding.

• Decreased protein binding is caused by factors such as 
hypoxemia and acidosis.
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figure 22.4 Dermatomal and nerve mapping of the head and neck. (From Brown DL. Atlas of Regional Anesthesia, 4 ed. Philadelphia, 
PA: Saunders Elsevier; 2010:18, 141–146. Copyright © 2010, 2006, 1999, 1992 by Saunders, an imprint of Elsevier Inc.)
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• As the pH of the plasma decreases, local anesthetics are 
decreasingly protein bound and increasingly found as 
free molecules in the plasma.

• The free form is the form that interacts with channels 
and is able to pass through cell membranes.

• Even a slight decrease in the bound fraction can cause 
a significant increase in the free concentration of local 
anesthetic.

• Conditions that increase the likelihood of their patients 
having hypoxia, respiratory acidosis, or metabolic 
acidosis will cause patients to have a lower pH and 
therefore a higher risk for bupivacaine cardiotoxicity.
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23 .  A N S W E R :  C

Adjuncts such as clonidine or opioids are frequently 
added to local anesthetics when preparing mixtures for 
epidural or caudal administration. This technique allows 
the anesthesiologist to use less local anesthetic for the same 
level of analgesia while simultaneously taking advantage 
of the unique properties of the adjunct itself. Neuraxially 
administered opioids have a long history of safe use for 
improved pain control but do involve significant side 
effects. Neuraxial opioids have extremely high rates of 
pruritus, more than is typically seen with parenteral or oral 
administration. Opioids administered via any location can 
cause nausea, constipation, or ileus. Urinary retention 
has been noted to be a significant problem with neuraxially 
administerd opioids, one that may be of particular concern 
following urologic procedures. Postoperative sedation is 
also a concern with neuraxial opioid administration, par-
ticularly with hydrophobic opioids such as fentanyl as they 
more easily cross from the epidural or caudal space into the 
surrounding vessels, increasing bloodstream and ultimately 
brain concentrations.

Clonidine administered either intravenously or neur-
axially has been gaining popularity because it has been 
shown to improve analgesia over local anesthetics alone 
while offering several benefits over opioid use, including 
less itching, ileus, nausea, and urinary retention. Clonidine 
is, however, a strong sedative and can lead to postoperative 
drowsiness and even respiratory depression or apnea when 
administered via either route. A  mild level of drowsiness 
may be desirable in pediatric patients as they will often 
awaken agitated, but it is critical that the anesthesiologist 
use an appropriate dose of clonidine to avoid overseda-
tion. It should be noted that opioids can cause increased 

drowsiness and respiratory depression as well, but clonidine 
should not be selected instead of an opioid in an effort to 
improve postoperative wakefulness.

K E Y FAC T S

• Adjuncts such as clonidine or opioids are added to 
local anesthetics for epidural or caudal administration 
as they allow the anesthesiologist to use less local 
anesthetic for the same level of analgesia while 
simultaneously taking advantage of the unique 
properties of the adjunct itself.

• Neuraxial opioids have extremely high rates of pruritus.
• Opioids administered via any location can cause nausea, 

constipation, or ileus.
• Urinary retention has been noted to be a significant 

problem with neuraxially administerd opioids.
• Postoperative sedation is also a concern with neuraxial 

opioid administration, particularly with hydrophobic 
opioids such as fentanyl, because they more easily cross 
from the epidural or caudal space into the surrounding 
vessels, increasing bloodstream and ultimately brain 
concentrations.
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2 4 .  A N S W E R :  D

By blocking voltage-gated ion channels, local anesthetics 
prevent afferent and efferent neurons from firing. As local 
anesthetics can create neuromuscular weakness on their 
own, it stands to reason that they could also potentiate neu-
romuscular blockade from nondepolarizing neuromuscular 
blockers, and this is indeed what was seen when the effect 
was studied.

Motor fibers are actually the last fibers to be blocked. 
The order of blockade from fastest to slowest is actu-
ally sympathetic fibers > sensory fibers > motor 
fibers. Some ester local anesthetics are metabolized to 
p-aminobenzoic acid (PABA), which is implicated in 
the allergic reactions that are seen with local anesthetics. 
Because amide local anesthetics are not metabolized to 
PABA, they should be safe to use in a person with a true 
ester local anesthetic allergy. Methylparaben is a preserva-
tive with a similar structure that should be avoided in peo-
ple with local anesthetic allergies, but it is not a breakdown 
product of local anesthetics. The unionized form of local 
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anesthetics is important for crossing membranes because 
this form lacks a charge and can freely pass into cells, but it 
is the ionized form that actually interacts with the sodium 
channels once the molecule has traversed the membrane 
and been reionized. Epinephrine can produce longer dura-
tions of action from local anesthetics because it constricts 
blood vessels that may carry the molecules away from the 
site of injection, whether it be central or peripheral. Because 
epinephrine is an unstable compound, local anesthetics that 
come premixed with epinephrine are prepared at lower pH 
levels, thus increasing the ionized fraction, making them 
less able to cross nerve cell membranes, and resulting in a 
slower onset than would be seen with preparations without 
epinephrine.

K E Y FAC T S

• The order of blockade from fastest to slowest is actually 
sympathetic fibers > sensory fibers > motor fibers.

• Some ester local anesthetics are metabolized to PABA, 
which is implicated in the allergic reactions that are seen 
with local anesthetics.

• Amide local anesthetics are not metabolized  
to PABA.

• Epinephrine can produce longer durations of action 
from local anesthetics because it constricts blood vessels 
that may carry the molecules away from the site of 
injection, whether it be central or peripheral.

• Methylparaben is a preservative with a similar structure 
that should be avoided in people with local anesthetic 
allergies.

• Local anesthetics that are pemixed with epinephrine are 
prepared at lower pH levels, thus increasing the ionized 
fraction, making them less able to cross nerve cell 
membranes, and resulting in a slower onset than would 
be seen with preparations without epinephrine.
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25 .  A N S W E R :  A

An axillary nerve block with supplementation of the mus-
culocutaneous nerve would be appropriate for this type of 
injury. An axillary approach to brachial plexus block-
ade will anesthetize the nerves of the hand (the radial, 
median, and ulnar) and the medial forearm. The inner-
vation of the skin of the lateral forearm is via the muscu-
locutaneous nerve, which is frequently missed with the 
axillary approach. Therefore, this patient requires a supple-
mental musculocutaneous nerve block to cover the lateral 
forearm.

Musculocutaneous

Median

Ulnar

Radial

Median cutaneous

The supraclavicular and the interscalene approaches 
to brachial plexus blockade would both be less desirable 
choices as pneumothorax and phrenic nerve paralysis are 
known complications from both of these blocks and could 
result in respiratory failure in patients with preexisting pul-
monary compromise.

K E Y FAC T S

• The axillary approach to brachial plexus blockade will 
anesthetize the radial, median, and ulnar nerve.

• The lateral forearm is innervated by the 
musculocutaneous nerve.

• A complication of the supraclavicular approach to 
the BPB is pneumothorax and a complication of the 
interscalene nerve block is phrenic nerve paralysis. These 
complications can be can be avoided in patients with 
preexisting pulmonary compromise by performing 
an axillary approach with supplementation of the 
musculocutaneous nerve.
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2 6 .  A N S W E R :  D

The greater auricular nerve supplies the sensory innerva-
tion to the skin behind the ear, thus making it an appropri-
ate block for surgeries with an incision directly behind the ear.

Greater auricular nerve

A clubfoot deformity is corrected via tendon modi-
fication at the level of the ankle with the incision being 
made posterior with lateral extension just above the heel. 
The nerves to the skin of the posterior and lateral lower 
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extremity below the knee as well as the bones and under-
lying soft tissues are all supplied by the sciatic nerve.

Incision

The femoral nerve supplies the sensation to the skin 
over the anterior thigh, the femur, quadriceps muscles, 
knee joint, and the skin of the medial aspect of the dis-
tal leg. The femoral nerve is an appropriate block for knee 
surgery and surgery on the anterior thigh.

The interscalene approach to the brachial plexus 
does not reliably anesthetize the C8 and T1 nerve roots, 
which supply important branches to the ulnar and median 
nerves of the hand. An axillary approach to the nerves of 
the brachial plexus is the most reliable for achieving nerve 
coverage for hand surgery.

Surgery for a distal femoral osteotomy is approached 
through a lateral thigh incision where the cutaneous inner-
vation is via the lateral femoral cutaneous nerve. The 
femur itself is innervated by the femoral nerve. The sciatic 
nerve supplies the cutaneous innervation of the posterior 
thigh and all of the distal leg (below the knee) with the 
exception of the skin of the medial aspect of the distal leg.

K E Y FAC T S

• The greater auricular nerve supplies the sensory 
innervation to the skin behind the ear.

• The sciatic nerve supplies sensory innvervation of the 
skin of the posterior and lateral lower extremity below 
the knee as well as the bones and underlying soft tissues.

• The interscalene approach to the brachial plexus block 
does not reliably anesthetize the C8 and T1 nerve roots, 
which supply important branches to the ulnar and 
median nerves of the hand.

• The lateral femoral cutaneous nerve innervates the skin 
of the lateral thigh.

• The femur bone is innervated by the femoral nerve.
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27.  A N S W E R :  D

This is an image of a paravertebral block and the trans-
verse process is seen as the thumb-like projection just to 
the right of the midline. The transverse process is ossified 
in this picture and the inability of ultrasound waves to pass 
thorough the bone creates a black shadow under the trans-
verse process in which no underlying structures can be visu-
alized. The technical term for this is an acoustic shadow.

 

Shadow 

The needle orientation shown is in-plane, as evidenced by 
the visualization of the entire length of the needle. The 
ultrasound beams emit from the transducer in a 1-mm-
thick, two-dimensional plane. When the needle is in-plane, 
the needle is advanced totally within this plane of the ultra-
sound beams and the ultrasound signal is reflected from 
the entire length of the needle. If the orientation is out of 
plane, the needle is perpendicular to the plane of the ultra-
sound signal and the needle appears in cross section as a 
circular structure or dot.

in-plane

out-of -plane  

Square or rectangular borders to the image denote a linear con-
figured probe. A curvilinear probe would be characterized by 
an arc at the top of the image with a larger arc at the bottom.

a) Linear

b) Curved

Anatomically, the lung is positioned lateral to the transverse 
process; therefore, the needle direction is lateral to medial.
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K E Y FAC T S

• The needle approach during a paravertebral block is 
in-plane from lateral to medial.

• During a paravertebral block the transverse process is 
seen as the thumb-like projection just to the right of the 
midline.

• The transverse process creates a hypoechoic (dark) 
shadow under the transverse process in which no 
underlying structures can be visualized.
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2 8 .  A N S W E R :  C

The injection of air into the epidural space of infants 
can cause permanent paralysis, severe nerve injury, and 
even death. The etiology is likely to be air emboli lodging 
in small critical vessels.

Fluoroscopy is performed by injecting 0.5–2 mL of 
contrast dye through the catheter with correct placement 
identified by axial spread within the lateral borders of the 
transverse processes.

Electrical stimulation using a nerve stimulator 
attached to a stimulating catheter will cause contraction of 
the muscles innervated by the nerves in proximity to the 
catheter tip indicating tip placement.

Ultrasound can be used to identify any echogenic 
material in the catheter itself or the tip. The tip can also 
be identified by visualizing the injection of fluid and the 
displacement of tissue using ultrasound. Once patients are 
older than 9 months, the cartilage of the spinal canal ossi-
fies and ultrasound visualization of the neuraxis is impeded 
by interference from the shadows created by the bone.

K E Y FAC T S

• The injection of air into the epidural space of infants can 
cause permanent paralysis, severe nerve injury, and even 
death. The etiology is likely to be air emboli lodging in 
small critical vessels.

• Fluoroscopy, electrical stimulation, and ultrasound can 
be used to confirm epidural tip position in infants.
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29.  A N S W E R :  B

Intrathecal injection can occur during a thoracic para-
vertebral block. This is a rare complication but can occur 
due to the close proximity of the paravertebral space to the 
dural root sleeve.

Hypotension occurs less than 5% of the time and is usu-
ally reported in adults. Hemodynamic stability is one of 
the advantages of thoracic paravertebral compared to 
epidural analgesia.

Paravertebral nerve blocks do not cause urinary 
retention; thus, Foley catheters are not routinely indicated. 
The cardiac accelerators are spared with paravertebral 
blocks.

K E Y FAC T S

• Intrathecal injection is a rare complication of thoracic 
paravertebral blocks.

• Hemodynamic stability is one of the advantages of 
thoracic paravertebral compared to epidural analgesia.

• Paravertebral nerve blocks do not cause urinary 
retention.
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3 0 .  A N S W E R :  B

Neonates are at increased risk for inadvertent intrathe-
cal puncture, but it is not a contraindication. Caution in 
advancing the needle in the caudal canal is advised in this 
age group.
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Absolute contraindications to neuraxial regional tech-
niques include the following:

1. Skin infection over the puncture site, which would 
increase the incidence of infectious complications 
such as meningitis, epidural abcess, and localized 
cellulitis.

2. Bleeding disorders, abnormalities of coagulation, 
and active anticoagulation therapy, which increase 
the risks of serious bleeding complications such 
as epidural hematoma. The ASRA guidelines 
recommend against neuraxial techniques if the 
platelet count is <50,000 or the INR is >1.4.

3. Allergy to local anesthetic medications

K E Y FAC T S

• Contraindications to neuraxial regional techniques 
include allergy to local anesthetics, skin infection 
over the puncture site, coagulopathy (INR >1.4), and 
thrombocytopenia (<50,000 platelet count).

• Caudal blocks in newborns have an increased risk 
for inadvertent intrathecal injection, but this is not a 
contraindication.
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31.  A N S W E R :  D

The sciatic nerve block is used mostly for surgeries per-
formed below the knee, especially at the level of the 
ankle and foot. A branch of the sciatic nerve supplies some 
of the innervation to the posterior aspect of the hip joint 
capsule, but the contribution to the sensory innervation is 
considered minor.

The hip joint innervation is complex with contribu-
tions mainly from the femoral (L2-L4) and obturator 
(L2-L4) nerves, and the overlying skin of the lateral 
thigh is supplied by the lateral femoral cutaneous nerve 
(L2-L3). The lumbar epidural provides blockade of 
L2-L4 at the level of the spinal nerves, in contrast to 

the fascia iliaca and lumbar plexus blocks, which pro-
vide coverage of the nerves after they have formed into the 
peripheral nerve configuration.

K E Y FAC T S

• The hip joint innervation is complex with contributions 
mainly from the femoral (L2-L4) and obturator (L2-L4) 
nerves.

• The overlying skin of the lateral thigh is supplied by the 
lateral femoral cutaneous nerve (L2-L3).

• The lumbar epidural provides blockade of L2-L4 at the 
level of the spinal nerves.

• The sciatic nerve block is used mostly for surgeries 
performed below the knee, especially at the level of 
the ankle and foot. The contribution to the sensory 
innervation of the hip is considered minor.
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32 .  A N S W E R :  A

Decreasing the gain would improve this ultrasound image. 
The ultrasound signal produced by the transducer is 
reflected by the tissues and returns to the transducer where 
the signal is converted into an electronic signal. The gain 
controls the amplification of this electronic signal into the 
pattern observed on the display monitor as the image. Too 
much gain gives the appearance of a snowstorm and too 
little gain makes the picture very dark with poorly dif-
ferentiated structures.

The median nerve is a superficial structure and decreas-
ing frequency would compromise the clarity and definition 
of the superficial structures. Lower frequencies are used to 
penetrate deeper, while higher frequencies are used to high-
light and enhance the detail of superficial structures. The 
depth setting is appropriate as the nerve is visible in the 
middle field of the screen.

K E Y FAC T S

• The gain controls the amplification of this electronic 
signal into the pattern observed on the display monitor 
as the image.

• Too much gain gives the appearance of a snowstorm and 
too little gain makes the picture very dark with poorly 
differentiated structures.

• Lower frequencies are used to penetrate deeper, while 
higher frequencies are used to highlight and enhance the 
detail of superficial structures.
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For a 4 kg infant at 2 months of age, infusions would be as follows:

Bupivicaine 0.1% (10 mg/mL):  4 kg × 0.2 mg/kg/hr = 8 mg/hr =0.8 mL/hr (lower)
     4 kg × 0.35 mg/kg/hr = 1.4 mg/hr = 1.4 mL/hr (higher)
Ropivicaine 0.1% (10 mg/mL):  4 kg × 0.25 mg/kg/hr = 1.0 mg/hr = 1.0 mL/hr (lower)
      4 kg × 0.42 mg/kg/hr = 1.65 mg/hr = 1.65 mL/hr (higher)
2-chloroprocaine 3.0% (30 mg/mL) 4 kg × 5.0 mg/kg/hr = 20 mg/hr = 0.7 mL/hr (lower)
     4 kg × 12 g/kg/hr = 48 mg/hr = 1.6 mL/hr (higher)

Too much gain Optimal gain Too little gain
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33 .  A N S W E R :  A

Infusions using parameters in answers B, C, and D 
all exceed recommended dosing in infants less than 
4–6 months of age. The appropriate dose of local anes-
thetic is dependent on site of perineural catheter, 
surgical site, size, and age of patient. Although there 
are limited data on infusions regarding elimination and 
accumulation in neonates and infants, most standard 
textbooks are consistent in their recommendations. 
Immaturity of the liver and decreased levels of plasma 
proteins compel recommendations of dose reduction 
of 30%–50% for infants ages less than 4–6 months of 
age when using amides.

LOCAL 

ANESTHETIC

CLASS METABOLISM DOSE M AX: MG/KG/HR 

(INFUSION) >4–6 MONTHS

DOSE M AX: MG/KG/HR (INFUSION) 

<4–6 MONTHS 30%–50% R EDUCTION AMIDES

Bupivicaine amide cytochrome P450 0.4–0.5 0.2–0.35

ropivicaine amide cytochrome P450 0.5–0.6 0.25–0.42

lidocaine amide cytochrome P450

2-chloroprocaine esther Plasma cholinesterase 5–12 5–12

• Lidocaine infusions in infants are not indicated due to 
decreased metabolism and clearance after several hours of 
administration resulting in unpredictable plasma levels.

• 2-chloroprocaine is recommended as a 1.5% solution in 
infants.
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3 4 .  A N S W E R :  B

This ultrasound image captures the femoral nerve in cross 
section lateral to the femoral artery and deep to the fascia ili-
aca at the level of the inguinal ligament. The iliopsoas muscle 
underlies the femoral neurovascular structures. The femoral 
artery is easily identified as a round, noncompressible, pulsa-
tile, hypoechoic structure medial to the femoral nerve and the 
femoral vein is located medial to the femoral artery (medial → 
lateral = V A N). At this level, the femoral nerve appears as a 
wedge-shaped hyperechoic structure with central “honeycomb-
ing” that reflects fascicular components of the peripheral nerve.

The knee joint is innervated anteriorly by the femoral 
nerve. Femoral nerve blockade is appropriate for postop-
erative analgesia in patients undergoing knee joint surgery, 
including and not limited to ACL, PCL, and meniscus repair.

The hand is innervated by the terminal branches of the 
brachial plexus, including the radial, median, and ulnar nerves. 
Blockade of the brachial plexus via the supra- and infra-clavicular 
approach, or the terminal branches at the level of the axilla or the 
wrist, is appropriate in patients having hand surgery.

Bunionectomy involves removal of a piece of bony growth 
of the great toe, which is innervated by the tibial and superficial 

Lidocaine infusions have fallen out of favor due to 
decreased metabolism and clearance after several hours of 
administration resulting in unpredictable plasma levels. 
2-chloroprocaine is recommended as a 1.5% solution.

K E Y FAC T S

• Immaturity of the liver and decreased levels of plasma 
proteins in infants compel recommendations of dose 
reduction of 30%–50 % for infants ages less than 
4–6 months of age when using amides.
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peroneal branches of the sciatic nerve. A simple ankle block 
targeting these nerves or a sciatic nerve block is appropriate 
for analgesia after a bunionectomy. The saphenous nerve (a 
branch of the femoral nerve) provides innervation below the 
knee to the medial aspect of the lower leg and foot. Blockade 
of the saphenous nerve at a more proximal location along the 
leg or as part of the ankle block may also be required to help 
with analgesia to the medial aspect of the ankle/foot.

The inguinal area is innervated by the subcostal nerve 
(T12) and ilioinguinal and iliohypogastric nerves (L1). 
These nerves lie in close proximity to each other medial and 
superior to the anterior superior iliac spine. Blockade of 
these nerves are appropriate for postoperative analgesia in 
patients undergoing inguinal herniorraphy.

K E Y FAC T S

• The femoral nerve appears as a wedge-shaped 
hyperechoic structure with central “honeycombing” that 
reflects fascicular components of the peripheral nerve. It 
is located lateral to the femoral artery deep to the fascia 
iliaca at the level of the inguinal ligament.

• Femoral nerve blockade is appropriate for postoperative 
analgesia in patients undergoing knee joint surgery, including 
and not limited to ACL, PCL, and meniscus repair.

• Blockade of the brachial plexus via the supra- or 
infra-clavicular approach is appropriate for patients 
having hand surgery.

• An ankle block or a sciatic nerve block is appropriate for 
analgesia after a bunionectomy.

• The saphenous nerve (a branch of the femoral nerve) 
provides innervation below the knee to the medial 
aspect of the lower leg and foot.

• The inguinal area is innervated by the subcostal nerve 
(T12) and ilioinguinal and iliohypogastric nerves (L1). 
These nerves lie in close proximity to each other medial 
and superior to the anterior superior iliac spine.
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35 .  A N S W E R :  A

The figure depicts a sonographic image of the abdominal 
wall used to facilitate transversus abdominis plane (TAP) 
blocks. Visualized from top to bottom:  skin, subcuta-
neous fat, the three abdominal muscle layers:  external 
oblique muscle, internal oblique muscle, and transversus 
abdominis muscle and peritoneum. TAP blocks are used 
as part of an analgesic regimen for abdominal surgeries. The 
abdominal wall is innervated by the thoracolumbar (T6 to 
L1) spinal segmental nerves. The anterior divisions of these 

nerve roots emerge anterior to the quadratus lumborum mus-
cle, penetrate the neurofascial plane (TAP) between the trans-
versus abdominis muscle and the internal oblique muscle, and 
emerge through the rectus abdominis muscle to supply the 
skin anteriorly. Anteromedially, the aponeurosis of the three 
muscle tendons form the rectus sheath, which envelops the 
rectus abdominis muscle. The quadratus lumborum mus-
cle is located posteriorly and is not seen on this image.

K E Y FAC T S

• TAP blocks are used as part of an analgesic regimen for 
abdominal surgeries.

• The abdominal wall layers visualized on ultrasound 
from superficial to deep include skin, subcutaneous fat, 
external oblique muscle, internal oblique muscle, and 
transversus abdominis muscle and peritoneum.
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3 6 .  A N S W E R :  D

This infant is demonstrating local anesthetic systemic 
toxicity (LAST) either from intravenous absorption or 
injection of bupivacaine. The initial focus should be on 
oxygenation, ventilation with 1.0 FiO

2
, and cardiopul-

monary resuscitation. Prevention of hypercarbia is impor-
tant as an increase in PaCO

2
 displaces local anesthetic 

from their plasma protein binding sites worsening LAST. 
The American Society of Regional Anesthesia and Pain 
Medicine recommends alerting the nearest facility with 
CPB capability in the event of refractory arrest and initiating 
PALS/ACLS. Laboratory evidence shows that epinephrine 
can impair resuscitation from LAST and reduce the effi-
cacy of intralipid therapy. It is therefore recommended that 
smaller doses of epinephrine, for example, <1 mcg/kg,  
be used to treat hypotension. Timing of intralipid ther-
apy is controversial due to the potential risks such as infec-
tion, intravenous thrombophlebitis, altered inflammatory 
responses, anaphylaxis, fat emboli, and acute pancreatitis. In 
the neonate who is less likely to be able to handle a large lipid 
load, risk-benefit ratio should be weighed prior to dosing. 
Withholding intralipid therapy in the event of arrest from 
local anesthetic, however, would not be advised. The most rea-
sonable approach is to implement lipid therapy on the basis of 
clinical severity and rate of progression of LAST. The initial 
dose of intralipid is 1–1.5 mL/kg of 20% intralipid over 
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1 minute, repeating the dose every 3 to 5 minutes dur-
ing resuscitation up to a total of 3 mL/kg. On evidence 
of recovery an infusion at 0.25–0.5 mL/kg/min is started 
and continued for at least 10 minutes after recovery.

K E Y FAC T S

• In the setting of local anesthetic systemic toxicity 
(LAST) either from intravenous absorption or 
injection of bupivacaine, the initial focus should 
be on oxygenation, ventilation with 1.0 FiO

2
, and 

cardiopulmonary resuscitation.
• Epinephrine can impair resuscitation from LAST and 

reduce the efficacy of intralipid therapy. It is therefore 
recommended that smaller doses of epinephrine, for 
example, <1 mcg/kg, be used to treat hypotension.

• The initial dose of intralipid is 1–1.5 mL/kg of 20% 
intralipid over 1 minute, repeating the dose every 3 to 
5 minutes during resuscitation up to a total of 3 mL/kg. On 
evidence of recovery an infusion at 0.25–0.5 mL/kg/min is 
started and continued for at least 10 minutes after recovery.
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37.  A N S W E R :  D

The choice of epidural solution is based on several fac-
tors:  age and size of the child, the surgery, and the under-
lying medical conditions that may decrease the margin of 
safety of one of the agents. Neonates are at increased risk 
for potential bupivacaine (an amide local anesthetic) 
toxicity because of decreased alpha-1 acid glycoprotein 
binding and resultant increased free fraction of drug, 
immature hepatic metabolism, and impaired hepatic 
blood flow. The manifestation of local anesthetic toxicity in 
young infants and neonates may be more difficult to recog-
nize than in adults; hence, a conservative maximum infu-
sion dose of bupivacaine of 0.2 mg/kg/hr for no longer 
than 48 hours in this age group is strongly recommended.

The use of hydromorphone in this patient is inappro-
priate. Due to the hydrophilicity and associated rostral 
spread of hydromorphone, there is increased risk of respi-
ratory depression especially in infants <6 months of age 
with decreased drug clearance. In addition, in light of 
this patient’s airway anomalies and potential for difficult 

airway management, somnolence and hypopnea are unde-
sirable. Fentanyl, a hydrophobic opioid with minimal ros-
tral spread due to greater binding to the receptors in the 
substantia gelatinosa of the spinal cord adjacent to the 
area of administration, is a commonly used opioid in epi-
dural solutions in this age group.

The ester chloroprocaine is cleared extremely rapidly 
even in preterm infants, with an elimination half-life of 
several minutes, making it a highly desirable epidural local 
anesthetic choice in neonates and young infants. Amide 
local anesthetics are dependent on mature hepatic func-
tion and adequate hepatic blood flow for metabolism. 
Both are impaired in neonates and young infants.

K E Y FAC T S

• Infants and neonates are at increased risk for potential 
bupivacaine (an amide local anesthetic) toxicity 
because of decreased alpha-1 acid glycoprotein binding 
and resultant increased free fraction of drug, immature 
hepatic metabolism, and impaired hepatic blood flow.

• The use of epidural hydromorphone in infants and 
neonates is inappropriate due to the hydrophilicity 
and associated rostral spread of hydromorphone with 
increased risk of respiratory depression.

• Chloroprocaine is cleared extremely rapidly even in 
preterm infants, with an elimination half-life of several 
minutes, making it a highly desirable epidural local 
anesthetic choice in neonates and young infants.
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3 8 .  A N S W E R :  C

Neurologic complications after peripheral nerve blocks 
can be related to factors associated with dense block-
ade of the nerve and block technique (needle trauma, 
intra-neuronal injection, neuronal ischemia, toxicity from 
local anesthetic) but common causes such as positioning, 
stretching, retractor injury, ischemia, and hematoma for-
mation should be considered.

Foot drop in this setting is likely caused by disruption 
to the function of the sciatic nerve, specifically the com-
mon peroneal nerve, which winds around the neck of the 
fibula. The common peroneal nerve innervates the extensor 
muscles of the lower leg. Blockade or injury to the nerve will 
result in the inability to extend the foot or foot drop. In this 
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patient undergoing repair of a proximal fibular fracture, 
direct trauma to the common peroneal nerve from surgi-
cal manipulation, traction and compression of the nerve, 
compression by hematoma, ischemia from disruption of the 
vascular supply to the nerve, and compression by a tightly 
placed cast can result in injury.

The peripheral nerve block frequently performed to pro-
vide analgesia to the lower leg is the sciatic nerve block 
above the popliteal fossa. In addition to the motor inner-
vation described, the sciatic nerve provides sensory inner-
vation to the lower leg except for the medial aspect that is 
innervated by the saphenous nerve, a pure sensory branch of 
the femoral nerve. A femoral or saphenous nerve block may 
be performed if there is surgical involvement over the medial 
aspect of the lower leg. Because the femoral nerve does not 
provide motor innervation to the lower leg, foot drop will 
not be seen if there is dense femoral nerve blockade.

K E Y FAC T S

• Neurologic complications after peripheral nerve 
blocks can be related to needle trauma, intra-neuronal 
injection, neuronal ischemia, toxicity from local 
anesthetic, positioning, stretching of the nerve, retractor 
injury, ischemia, and hematoma formation.

• Foot drop in this setting is likely caused by disruption 
to the function of the sciatic nerve, specifically the 
common peroneal nerve, which winds around the neck 
of the fibula.
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39.  A N S W E R :  A

When determining the appropriate probe for ultrasound 
visualization of a structure, the probe that provides the 
best resolution for the required depth should be chosen. 
Linear probes produce a straight ultrasound beam and 
an image with a width equal to the size of the transducer 
footprint from the surface to the deeper structures.

Curvilinear probes generate a wedge-shaped ultrasound 
beam, which provides a broader view, rendering the image 
of deeper structures wider than the footprint of the probe.

High-frequency (10–18 MHz) probes provide bet-
ter resolution but less penetration and are therefore pre-
ferred for ultrasound imaging of superficial and not deep 
structures. Although the image resolution may be poorer, 
low-frequency (2–6 MHz) probes provide higher 

penetration and are often required for ultrasound imag-
ing of deep structures such as the proximal sciatic nerve.

K E Y FAC T S

• Linear probes produce a straight ultrasound beam and 
an image with a width equal to the size of the transducer 
footprint from the surface to the deeper structures.

• Curvilinear probes generate a wedge-shaped ultrasound 
beam, which provides a broader view, rendering the image 
of deeper structures wider than the footprint of the probe.

• High-frequency (10–18 MHz) probes provide better 
resolution but less penetration and are therefore preferred for 
ultrasound imaging of superficial and not deep structures.

• Low-frequency (2–6 MHz) probes provide higher 
penetration and are often required for ultrasound 
imaging of deep structures.
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4 0 .  A N S W E R :  C

The probe that provides the best resolution for the required 
depth should be chosen when determining the appropriate 
probe to be used when performing a peripheral nerve block.

Linear array probes produce a straight ultrasound 
beam and an image with a width equal to the size of the 
transducer footprint from the surface to the deeper struc-
tures. It is used for imaging of more superficial structures 
such as the paravertebral compartment, femoral nerve, and 
transversus abdominis plane, where a wider image of deeper 
structures is not needed.

Curved array probes generate a wedge-shaped ultra-
sound beam, which provides a broader view, rendering the 
image of deeper structures wider than the footprint of the 
probe. It allows for imaging of deeper structures such as the 
sciatic nerve in the gluteal region.

High-frequency (10–18 MHz) probes provide better 
resolution but less penetration and are therefore preferred 
for ultrasound imaging of superficial and not deep struc-
tures. The sciatic nerve in the gluteal region in a 75 kg young 
teenager is deeply located requiring a lower frequency probe.

Although the image resolution may be poorer, low-  
frequency (2–6 MHz) probes provide higher penetration and 
are often required for ultrasound imaging of deep structures 
such as the proximal sciatic nerve. A  higher frequency probe 
(10–16 Hz) and not 6 MHz is needed for more superficial 
imaging of the paravertebral compartment in a 3-year-old.

A probe oscillating at a low frequency of 5 MHz will 
make imaging of the superficially located transversus 
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abdominis plane in a 2-month-old difficult. In addition to 
needing a higher frequency probe, a linear and not a curved 
array probe should be utilized.

The femoral nerve in a 40 kg, 13-year-old is superficially 
located. A high-frequency (10–16 MHz) linear array probe is 
used for the imaging and placement of a femoral nerve block.

K E Y FAC T S

• High-frequency (10–18 MHz) probes provide better 
resolution but less penetration and are therefore 
preferred for ultrasound imaging of superficial and not 
deep structures. A high-frequency linear array probe is 
used for the imaging and placement of a femoral nerve 
block. A higher frequency probe is needed for more 
superficial imaging of the paravertebral compartment 
in a 3-year-old. A TAP block in a 2-month-old baby 
requires also a higher frequency linear probe.

• Low-frequency (2–6 MHz) probes provide higher 
penetration and are often required for ultrasound 
imaging of deep structures. The sciatic nerve in the 
gluteal region in a 75 kg young teenager is deeply 
located, requiring a lower frequency probe.
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41.  A N S W E R : C

Symptoms of local anesthetic systemic toxicity (LAST) 
range from mild symptoms to major central nervous sys-
tem (CNS) and/or cardiac toxicity that can result in dis-
ability or death. A variety of factors influence the chances 
and severity of local anesthetic systemic toxicity (LAST), 
including but not limited to individual patient risk factors 
and specific local anesthetic compound.

Neonates, infants, and children may be at risk for LAST 
because of their relatively increased cardiac output and sys-
temic uptake of the local anesthetic. Increase in available 
local anesthetic due to increase in systemic uptake may result 
in direct central nervous system and/or cardiac toxicity.

Amide anesthetics are protein bound in the plasma. 
Ropivacaine is more than 90% bound to two plasma proteins, 
alpha-1-acid glycoprotein and albumin. The free fraction of 
local anesthetic is responsible for its effect on the cardiovas-
cular and central nervous system. Infants less than 6 months 
of age have decreased levels of plasma proteins, larger free 
fraction of local anesthetic, and greater risk for toxicity. The 
serum concentration of fibrinogen in neonates is similar to 
that of adults, but is so low at baseline that changes in its 
serum concentration would not significantly affect the serum 
concentration of free or protein-bound local anesthetic.

Amide local anesthetics include lidocaine, etidocaine, 
prilocaine, mepivacaine, bupivacaine, ropivacaine, and 
levobupivacaine. They undergo enzymatic degradation and 
metabolism by the cytochrome P450 system in the liver. 
These enzymes reach adult activity by the first year of 
life and are immature in the neonatal and infant period. 
Consequently, there is decreased clearance of amide local 
anesthetics in this age group.

K E Y FAC T S

• Neonates, infants, and children may be at risk for LAST 
because of their relatively increased cardiac output and 
systemic uptake of the local anesthetic.

• Increase in available local anesthetic due to increase in 
systemic uptake may result in direct central nervous 
system and/or cardiac toxicity.

• Infants less than 6 months of age have decreased levels of 
plasma proteins, larger free fraction of local anesthetic, 
and greater risk for toxicity.

• Amide local anesthetics undergo enzymatic degradation 
and metabolism by the cytochrome P450 system in the 
liver. These enzymes reach adult activity by the first 
year of life and are immature in the neonatal and infant 
period. Consequently, there is decreased clearance of 
amide local anesthetics in this age group.
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4 2 .  A N S W E R :  A

The anatomy of the neuraxis is different between a newborn 
and a young child. The conus medullaris is commonly 
described to be located at L3 in the newborn. At 1 year 
of age and onward, the conus medullaris is located at L1. 
The dural sac is described to end at S3 in the newborn 
and ascends to end at S1 also at 1 year of age. The locations 
of the conus and end of the dural sac in the adult and young 
child are similar. The differences in anatomy are particularly 
important when performing a spinal anesthetic technique.

K E Y FAC T S

• The conus medullaris is commonly described to be 
located at L3 in the newborn.

• At 1 year of age and onward, the conus medullaris is 
located at L1.

• The dural sac is described to end at S3 in the newborn 
and ascends to end at S1 also at 1 year of age.
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4 3 .  A N S W E R :  A

Several factors are important to consider when dosing spinal 
anesthetics. There is an increase in total volume of CSF in 
a neonate (4 mL/kg compared to 2 mL/kg in adults) and 
an increase in CSF volume in the spinal subarachnoid 
space (half of total CSF volume compared to one fourth 
in adults). This causes a dilution of the injected local anes-
thetic into the spinal space. As a result, neonates and infants 
require higher volumes of local anesthetic per weight.

Although there is requirement for higher volume of 
local anesthetic, the duration of action of the spinal 
local anesthetic is shorter than in adults. 0.01 mL/kg of 
epinephrine is frequently added to the local anesthetic to 
increase the duration of action of the spinal anesthetic.

Adults experience hemodynamic collapse (bradycardia, 
hypotension, cardiac arrest) with a total spinal block due to 
preganglionic sympathetic blockade. This is not ordinarily 
seen in young children and infants/neonates likely due to 
immaturity of their sympathetic nervous system. In addi-
tion to lack of hemodynamic sympathectomy, it is also postu-
lated that because there is less blood volume in their extremities 
there is consequently less venous pooling and less hemody-
namic changes when compared to an older child or adult.

There is no difference in density of motor blockade 
between a neonate and adult.

K E Y FAC T S

• There is an increase in total volume of CSF in a neonate 
(4 mL/kg compared to 2 mL/kg in adults) and an 
increase in CSF volume in the spinal subarachnoid space 
(half of total CSF volume compared to one fourth in 
adults). As a result, neonates and infants require higher 
volumes of local anesthetic per weight.

• The duration of action of the spinal local anesthetic is 
shorter than in adults.

• Adults experience hemodynamic collapse (bradycardia, 
hypotension, cardiac arrest) with a total spinal block due to 
preganglionic sympathetic blockade. This is not ordinarily 
seen in young children and infants/neonates likely due to 
immaturity of their sympathetic nervous system.

• There is no difference in density of motor blockade 
between a neonate and adult.
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4 4 .  A N S W E R :  C

The recent American Society of Regional Anesthesia 
(ASRA) guidelines for regional anesthesia in the anti-
coagulated patient recommend an INR value of ≤1.4 as 
acceptable for the placement of a neuraxial block.

Postoperative warfarin is often administered for the 
prevention of deep venous thrombosis. The ASRA recom-
mendation is for the INR value to be ≤1.4 prior to removal 
of the epidural catheter.

Patients who are on low molecular weight heparin 
(LMWH) should have their neuraxial block (needle/
catheter placement or catheter removal) performed at 
least 12 hours after the last prophylactic dose of enoxa-
parin (0.5 mg/kg BID) OR 24 hours after therapeutic 
doses of enoxaparin (1mg/kg BID or 1.5 mg/kg QD) 
and 24 hours after dalteparin or tinzaparin. LMWH 
can be administered 2 hours after the epidural catheter is 
removed.

The ASRA recommends discontinuation of clopi-
drogel and ticlopidine (antiplatelet aggregation oral 
anticoagulants) 7 and 10–14 days, respectively, prior to 
placement of a neuraxial block.

K E Y FAC T S

• The recent American Society of Regional Anesthesia 
(ASRA) guidelines for regional anesthesia in the 
anticoagulated patient recommend an INR value of ≤1.4 
as acceptable for the placement or removal of a neuraxial 
catheter.

• Patients who are on low molecular weight heparin 
(LMWH) should have their neuraxial block (needle/
catheter placement or catheter removal) performed 
at least 12 hours after the last prophylactic dose of 
enoxaparin (0.5 mg/kg BID) OR 24 hours after 
therapeutic doses of enoxaparin (1 mg/kg BID or 1.5 
mg/kg QD) and 24 hours after dalteparin or tinzaparin.

• LMWH can be administered 2 hours after the epidural 
catheter is removed.

• The ASRA recommends discontinuation of clopidrogel 
and ticlopidine 7 and 10–14 days, respectively, prior to 
placement of a neuraxial block.
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23.

GENER A L A NESTHESI A

Bryan M. Sabbe

1. Which combination of patient factors would place a 
patient at highest risk for emergence delirium?

A. Age 3 years old + inhaled sevoflurane
B. Age 8 years old + inhaled sevoflurane
C. Age 14 years old + inhaled sevoflurane
D. Any age + TIVA (total intravenous anesthesia)

2. During mask induction of a 3-month-old male for 
myringotomy and tympanostomy tube placement using 
sevoflurane 8%, N

2
O 70%, and O

2
 30%, spontaneous res-

pirations are initially maintained, but as depth of anes-
thesia increases (sevoflurane end tidal concentration 
now 6%), positive-pressure ventilation support is begun 
with sudden loss of chest rise and ETCO

2
, no IV access 

is present, and no medications have been administered. 
Auscultation reveals the absence of high-pitched breath 
sounds. Repositioning of the mask is reattempted but 
again mask ventilation remains difficult. What is the 
most likely cause leading to mask ventilation difficulty 
in this setting?

A. Laryngospasm
B. Provider-induced nasal compression
C. Provider-induced airway occlusion at the 

mandibular ridge
D. Gastric overdistention

3. You are called to the emergency department to help 
manage a 2-year-old, 12 kg male with massive hemop-
tysis. He has a history of congenital cystic adenomatoid 
malformation resected as a neonate due to respiratory 
distress requiring right lower lobectomy. Chest X-ray 
shows diffuse haziness in the right lung, and the only 
equipment present at the bedside includes video and 
standard laryngoscopes along with single-lumen endo-
tracheal tube (ETT). As they are attempting to find a 
double-lumen ETT and fiberoptic bronchoscope, the 
child begins to desaturate. What would be the best 

maneuver at this time to intubate this child and provide 
lung isolation?

A. Place 4.5 cuffed ETT with bevel facing anteriorly, 
rotating child’s head to the left, and advance until 
breath sounds are only heard on the right.

B. Place 4.5 cuffed ETT with bevel facing posteriorly 
(rotated 180 degrees from anterior), rotating child’s 
head to the right, and advance until breath sounds 
are only heard on the right.

C. Place 4.5 cuffed ETT with bevel facing anteriorly, 
rotating child’s head to the left, and advance until 
breath sounds are only heard on the left.

D. Place 4.5 cuffed ETT with bevel facing posteriorly 
(rotated 180 degrees from anterior), rotating child’s 
head to the right, and advance until breath sounds 
are only heard on the left.

4. A mother of a 6-year-old girl has requested to come 
to the operating room for induction of anesthesia. You 
agree to this plan after describing to the mother the 
expected sights, sounds, and changes in behavior dur-
ing your planned inhalational induction. In attempt-
ing to perform a distraction technique on the girl, you 
ask her to “blow up your balloon” as much as she can 
using big deep breaths while you are providing N

2
O/O

2
 

in a 70%/30% combination along with a planned step-
wise increase of delivered sevoflurane from 2%-6%-8%. 
She has been taking increasingly larger vital capacity 
breaths, and as you go to increase the inspired sevoflu-
rane concentration from 6% to 8%, you can no longer 
feel any movement in the bag reservoir, and end-tidal 
sevoflurane concentration is 4.5%. The mother is still 
present in the room. What has most likely happened?

A. Breath holding
B. Laryngospasm
C. Provider-induced obstruction
D. Apnea
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5. Which of the following is most true about parental 
presence at induction of anesthesia?

A. Calm parents have little impact on improving 
behavior in anxious children.

B. Very beneficial in developmentally delayed children 
<6 months age

C. Decreased patient anxiety or increased cooperation 
during induction

D. Increased parental satisfaction scores

6. A  12  kg, 3-year-old boy with a history of reason-
ably well-controlled asthma has just undergone tonsil-
lectomy and adenoidectomy under general anesthesia 
with an atraumatically placed cuffed ETT with a leak 
of <20 cm H

2
O when the cuff is deflated. The decision 

is made to wake him up in the operating room before 
transferring to the postanesthesia care unit (PACU). 
During emergence he coughs quite extensively against 
the ETT, but he does not show evidence of overt bron-
chospasm. He is furrowing his eyebrows, wincing, and 
reaching for the ETT, so the decision is made to extu-
bate. He is transferred to a stretcher and you auscul-
tate the chest; no expiratory wheeze is heard, but faint 
inspiratory stridor is present. No sternal or intercostal 
retractions are noticed and there is mist present in the 
face mask with O

2
 at 6 L and SaO

2
 at 97%. He is trans-

ferred to the PACU uneventfully but has increasing 
inspiratory stridor and hoarseness still without inter-
costal retractions, nasal flaring, or expiratory wheez-
ing. What would be your first-line therapy for this child 
at this time?

A. Humidified mist
B. Nebulized albuterol
C. Dexamethasone 6 mg IV
D. Nebulized racemic epinephrine

7. In preparation for intubating a 3-year-old with a pre-
sumed difficult airway, you have planned to perform a 
fiberoptic intubation through a laryngeal mask airway 
(LMA). You have completed a successful inhalational 
induction and have a good initial seal with the LMA, 
and you proceed to pass your fiberoptic bronchoscope 
through the LMA, when suddenly there is a complete 
loss of view through the fiberoptic bronchoscope due to 
bloody secretions. You quickly remove the scope and no 
longer have ETCO

2
 from the LMA, and mask ventila-

tion proves unsuccessful. The SaO
2
 is now beginning to 

drop, there is no immediately available otolaryngolo-
gist to help perform rigid bronchoscopy or surgical air-
way, and you decide to attempt retromolar intubation. 
What particular aspects of a patient’s airway make this 
approach preferred over classic midline laryngoscopy?

A. Midface hypoplasia and limited neck extension
B. Large tongue and small mandible
C. Cleft palate and glossoptosis
D. Laryngeal edema and retrognathia

8. Which of the following syndromes associated with 
known possible difficult airway is caused by abnor-
mal development of the first and second branchial 
arches?

A. Pfeiffer syndrome
B. Treacher Collins syndrome
C. Beckwith-Wiedemann syndrome
D. Apert syndrome

9. Inhalational induction is planned for a child with 
N

2
O/O

2
 in 70%/30% concentration along with increas-

ing levels of inspired sevoflurane. As induction ensues, 
the end-tidal concentration of sevoflurane is 2.5%, 
and N

2
O end tidal concentration is now 0% as you 

have converted to 100% O
2
 in anticipation for intuba-

tion. In which age group would this not be consistent 
with the minimum alveolar concentration (MAC) of 
sevoflurane?

A. 0–6 months old
B. 6 months–1 year old
C. 1 year old–4 years old
D. >4 years old

10. What specific feature about spontaneous ventila-
tion protects against cardiovascular collapse compared 
to controlled ventilation during inhalational induction 
using volatile anesthetics?

A. Minimal cardiovascular depression
B. Decreased solubility
C. Negative feedback on spontaneous ventilation at 

higher concentrations
D. Utilization of overpressure technique

11. You are beginning an inhalational induction in 
a 3-year-old infant for a hypospadias repair. As you 
commence your induction using sevoflurane in com-
bination with N

2
O/O

2
, you begin to have some airway 

obstruction and place an oropharyngeal airway. You 
suddenly lose end-tidal CO

2
 and the patient is now hav-

ing significant retractions. You place your stethoscope 
on the patient’s chest and now hear a loud holosystolic 
murmur and the patient is beginning to desaturate. 
You give intramuscular succinylcholine, remove the 
oral airway, and can still no longer mask ventilate. 
A  nasal airway is attempted to be placed, but signifi-
cant resistance is felt upon insertion. Based on this 
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clinical presentation, what is the most likely syndrome 
this patient has?

A. Crouzon syndrome
B. CHARGE syndrome
C. Prader-Willi syndrome
D. DiGeorge syndrome

12. When deciding to perform a rapid sequence intuba-
tion for a patient with presumed full stomach, which of 
the following is not a significant risk factor for pulmo-
nary aspiration?

A. Emergency surgery
B. Increased intracranial pressure
C. Congenital heart disease
D. Obesity

13. In a 9-year-old patient preparing to undergo a tho-
racotomy for a cystic adenomatoid malformation, the 
decision is made to proceed with one-lung ventilation. If 
it is decided upon that a double-lumen tube (Covidien) 
can be used for this case, the smallest pediatric size 
available in the United States is equivalent to what size 
cuffed (Sheridan) endotracheal tube?

A. 4.5
B. 5.0
C. 5.5
D. 6.0

14. What feature of neonatal physiology contributes 
to the more rapid increase in FA/FI during an inhala-
tional induction compared to an adult?

A. Lower cardiac index
B. Greater distribution of cardiac output to the 

vessel-rich group (VRG)
C. Increased percentage of total body water
D. Smaller alveolar ventilation to functional residual 

capacity (Va/FRC) ratio

15. An unrepaired 10-month-old male with Tetralogy of 
Fallot presents for placement of a gastrostomy tube. The 
patient does not have an IV in place and has a baseline 
SaO

2
 of 82%, and you review previous cardiac catheter-

ization data and find that his Qp:Qs ratio is 0.8. The 
decision is made to proceed with an inhalational induc-
tion using 100% FiO

2
 and sevoflurane. What would 

be expected in regard to the speed of his inhalational 
induction compared to a patient without intracardiac 
shunting along with his Qp:Qs ratio?

A. Faster induction, increased Qp:Qs ratio
B. Faster induction, unchanged Qp:Qs ratio

C. Slower induction, increased Qp:Qs ratio
D. Slower induction, unchanged Qp:Qs ratio

16. Laryngeal mask airway (LMA) is associated with 
relatively few iatrogenic mechanical complications. 
When considering the placement and management of 
this device in the pediatric population, what is the most 
likely feature to minimize the risk of complications 
such as sore throat or nerve injury (i.e., lingual, hypo-
glossal, or recurrent laryngeal nerve)?

A. Confirmation of position using direct visualization 
via a fiberoptic bronchoscope

B. Removal of all air prior to placement in the oropharynx
C. Adequate jaw thrust during placement
D. Ensuring laryngeal mask intracuff pressures are less 

than 40 cm H
2
O

17. When performing an elective sedated intubation in 
a 3-year-old using a flexible fiberoptic bronchoscope 
through the oral route, you are able to successfully view 
the glottic opening. But upon attempting to pass the 
endotracheal tube, there is significant resistance met. 
What is the optimal configuration when setting up 
your endotracheal tube and fiberoptic bronchoscope to 
minimize the likelihood of this happening?

A. Choosing a smaller sized cuffed endotracheal tube 
than predicted by patient size and weight

B. Load endotracheal tube on bronchoscope with bevel 
facing down (Murphy eye up)

C. Load endotracheal tube on bronchoscope with bevel 
facing up (Murphy eye down)

D. Using an uncuffed endotracheal tube

18. In attempting to intubate a 10-month-old patient 
via direct laryngoscopy, you find a repeated grade 3 
glottic view; this is the first anesthetic the patient has 
received and did not have anatomic predictors or his-
tory suggesting difficult intubation. The patient has 
remained an easy mask ventilation throughout your 
attempts and you call for the GlideScope Cobalt® (video 
laryngoscope) to help facilitate intubation. Compared 
to direct laryngoscopy using a Macintosh blade in a 
homogeneous population of presumed nondifficult air-
way pediatric patients among experienced providers, 
the duration of time to successful intubation is:

A. Shorter
B. Longer
C. Equal
D. Has not been evaluated

19. Although no formally accepted algorithm is 
present for pediatric difficult airway, the Difficult 
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Airway Society (DAS) has proposed an algorithm 
for management of “Unanticipated difficult tracheal 
intubation—during routine induction of anaesthe-
sia in a child aged 1 to 8 years old.” According to this 
algorithm, if four intubation attempts have been done 
without success, what is the next proposed step in the 
management of this situation?

A. Two-hand mask ventilation
B. Video-assisted laryngoscopy
C. Fiberoptic intubation
D. Placement of supraglottic device

20. When considering removal of an LMA during a 
deep stage of anesthesia, which of the following has the 
highest risk for complications following removal either 
in the operating room or in the PACU?

A. Use of desflurane
B. Use of isoflurane
C. Abdominal surgery
D. Concomitant use of opioids

21. According to the Pediatric Perioperative Cardiac 
Arrest (POCA) Registry findings from 2000, what clin-
ical aspect of patient management in the peri-induction 
period with the use of halothane led to an increased risk 
of cardiac arrest?

A. Anesthesia provider experience
B. Nonacademic institution
C. Concomitant administration of succinylcholine
D. Controlled ventilation following intubation

22. You are evaluating a 15-year-old female for scolio-
sis repair surgery. During your preoperative evaluation 
you notice a systolic ejection murmur, the presence of a 
cleft palate, a low posterior hairline, and a hoarse voice. 
There is no significant restrictive lung disease, and this 
will be her first anesthetic. She says she is nervous about 
the procedure and that she has been having increasing 
tingling in her fingers with occasional pain shooting 
from her shoulder down to her middle finger. What 
underlying disease or syndrome should you be wor-
ried about with this presentation, and what particular 
aspect of her anesthetic should be of greatest concern?

A. Marfan syndrome—aortic dissection in the setting 
of hypertension during laryngoscopy

B. Duchenne muscular dystrophy—rhabdomyolysis 
with volatile anesthetic administration

C. Heterotaxy syndrome—complete heart block during 
volatile anesthetic maintenance

D. Klippel-Feil syndrome—difficult intubation due to 
limited neck extension

23. What feature of patients with Treacher Collins syn-
drome makes mask ventilation and direct laryngoscopy 
increasingly difficult with age?

A. Hypoplastic zygomatic arches
B. Increasing basilar kyphosis of the cranial base
C. Cleft palate
D. Increasing tongue size

24. You are caring for a 7-year-old, 24  kg female with 
thoracic neuroblastoma encasing the descending aorta, 
and the surgeons have requested one-lung ventilation 
for a left thoracotomy. The decision is made that that the 
safest means of achieving this is to place a 5.5 cuffed ETT 
along with an intraluminal 5 French bronchial blocker 
to achieve single-lung ventilation. The placement is 
uneventful and the lung has collapsed nicely in the sur-
gical field. During the course of the case the left chest is 
packed to minimize ongoing blood loss when suddenly 
you have a significant decrease in tidal volumes while 
using pressure control ventilation, decrease in ETCO

2
, 

and oxygen desaturation. What is the most likely etiol-
ogy of this problem based on this presentation?

A. Migration of bronchial blocker beyond the left upper 
lobe takeoff

B. Deflation of the bronchial blocker
C. Migration of the ETT into the left mainstem 

bronchus
D. Migration of the ETT into the right mainstem 

bronchus

25. You are performing a right thoracotomy in a 15 kg, 
3-year-old female for a right upper lobe congenital cys-
tic adenomatoid malformation that has recurred since 
infancy. The plan at this time is to perform a right upper 
lobectomy. She is intubated simultaneously with a 4.5 
cuffed ETT and 5 French Arndt bronchial blocker on 
the outside of the ETT. Under fiberoptic guidance the 
bronchial blocker is successfully positioned in the right 
mainstem bronchus with good achievement of lung iso-
lation following entry into the right chest. She tolerates 
the procedure well, but following placement of the sur-
gical stapler across the right upper lobe bronchus, the 
entire right lung re-expands and limits the ability to 
remove the stapler and surgical specimen. What most 
likely occurred in this situation?

A. Surgical stapling across the bronchial blocker
B. Displacement of the inflated bronchial blocker into 

the trachea
C. Distal advancement of the bronchial blocker into 

bronchus intermedius
D. Advancement of the ETT into the left mainstem 

bronchus
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chaPter 23 ansWers

1. ANSWER: A

Emergence delirium (ED) is a problem not unique, but 
frequently seen in pediatric anesthesia. With the introduc-
tion of sevoflurane into pediatric anesthesia, there was an 
increase in this phenomena, thought to be somehow related 
to the decreased solubility of this volatile agent (compared 
to previous volatiles used such as halothane), with the 
greatest frequency seen following sevoflurane > desflurane 
> isoflurane >> TIVA. There is currently no agreed-upon 
definition of ED due to its heterogeneous clinical presen-
tation, but it has been described as a dissociated state of 
consciousness in which the child is irritable, uncompro-
mising, uncooperative, incoherent, and inconsolably cry-
ing, moaning, kicking, or thrashing. The incidence of ED 
largely depends on definition, age, anesthetic technique, 
surgical procedure, and application of adjunct medication. 
Typically the cited incidence range is between 10% and 
50%, but it may be as high as 80%, with the peak age of 
ED seen in early childhood between the ages of 2 and 
6 years (Answers B and C), with the same age distribution 
between both males and females. The delirium typically 
lasts 10–15 minutes and is terminated spontaneously or 
following a single dose of fentanyl IV 1–2 µg/kg, propofol 
IV 0.5–1.0 mg/kg, midazolam IV 0.02–0.10 mg/kg, or a 
single bolus dose of dexmedetomidine 0.5 µg/kg. Deciding 
whether or not to treat ED with additional medication 
depends on the duration and severity of symptoms; many 
studies have shown spontaneous resolution of symptoms 
without pharmacological intervention. Possible etiological 
factors of ED include rapid emergence, intrinsic charac-
teristics of an anesthetic, postoperative pain, surgery 
type, age, preoperative anxiety, child temperament, 
and adjunct medication. Sevoflurane is often implicated 
as the volatile associated with the highest risk of causing 
ED due to several postulated factors. Some authors feel that 
sevoflurane causes irritation to the central nervous system 
(CNS), while others speculate that although sevoflurane 
degradation products appear to cause no organ damage 
themselves, there is a paucity of data on the possible interac-
tions with other types of medications. During sevoflurane 
anesthesia, epileptiform activity has been reported in both 

patients and volunteers with no medical history of sei-
zures; however, these cases have been sporadic and were not 
associated with abnormal recoveries from anesthesia. This 
is also in contrast to desflurane, which has no proconvul-
sant properties but has been associated with a similar if not 
greater incidence of ED compared with sevoflurane. With 
this information it appears that the causality between the 
CNS effects of sevoflurane and ED is unlikely. TIVA shows 
the lowest incidence of emergence delirium compared to 
volatile anesthetics (Answer D).

Surgical procedures that involve the tonsils, thy-
roid, middle ear, and eye have been reported to have 
higher incidences of postoperative agitation and rest-
lessness, suggested to perhaps be secondary to a “sense 
of suffocation” during emergence; however, there are no 
data to support this speculation. One key aspect of ED 
is differentiating this phenomenon from postoperative 
pain. Several studies have evaluated ED following dif-
ferent surgical procedures using nonvalidated delirium 
scales leading to much confusion regarding the nature, 
cause, and treatment of ED. Subsequently a Pediatric 
Anesthesia Emergence Delirium (PAED) score was 
developed and validated as an objective measure of ED, 
with a score >10 indicative of the presence of ED (how-
ever, some studies have suggested a score of >12 to be 
more specific); see Table 23.1.

Other scales exist including the Watcha scale 
(Table 23.2), with a score >2 suggesting ED; and the Cravero 
scale (Table 23.3), with a score >3 suggesting ED.

K E Y FAC T S

• Emergence delirium is described as a dissociated state of 
consciousness, with the peak age seen in early childhood 
between the ages of 2 and 6 years.

• Surgical procedures that involve the tonsils, thyroid, 
middle ear, and eye have been reported to have higher 
incidences of postoperative agitation and restlessness.

• Possible etiological factors of emergence delirium 
include rapid emergence, intrinsic characteristics of 
an anesthetic, postoperative pain, surgery type, age, 
preoperative anxiety, child temperament, and adjunct 
medication.

Table 23 .1 the PedIatrIc anesthesIa eMergence delIrIuM scale

POINT DESCR IPTION NOT AT 

ALL

JUST A 

LITTLE

QUITE 

A BIT

VERY 

MUCH

EXTR EMELY

1 The child makes eye contact with the caregiver 4 3 2 1 0

2 The child’s actions are purposeful 4 3 2 1 0

3 The child is aware of his/her surroundings 4 3 2 1 0

4 The child is restless 0 1 2 3 4

5 The child is inconsolable 0 1 2 3 4
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2 .  A N S W E R :  C

The most common provider-induced error during mask 
ventilation is to tightly compress the submental tri-
angle with fingers placed below the mandibular ridge, 
thereby partially occluding the airway. Minimal pressure 
is required, and the fingers should rest on the mandible. 
Another common problem arises when the mouth is com-
pletely closed while the face mask is being applied. In this 
setting if excess pressure is also placed on the nasal bridge, 
one or both nares can also become obstructed, leading to 
total upper airway obstruction during both spontaneous 
and manual ventilation. Careful attention should be paid 
to not place excess pressure on the upper portion of the face 
mask on the nasal bridge to prevent this obstruction. If the 
mouth is closed, either remove the mask, using a finger or 
the mask itself to slightly open the mouth; consider place-
ment of an oral airway; or completely remove the fingers 
from the mandible and face, placing a single finger on each 
coronoid process. Lift toward the hairline to sublux the 
temporomandibular joint, opening the mouth and pulling 
the tongue and other soft tissues off the posterior pharyn-
geal wall. During one-handed mask ventilation the second 
hand should be on the reservoir bag at all times to monitor 

spontaneous respirations and effectiveness of ventilation 
and to provide continuous positive airway pressure (CPAP) 
if needed to keep the airway patent. Airway obstruction 
during anesthesia or loss of consciousness appears to be 
most frequently related to loss of muscle tone in the pha-
ryngeal and laryngeal structures, as opposed to apposi-
tion of the tongue to the posterior pharyngeal wall, despite 
the tongue occupying a greater portion of the oral cavity 
in children compared to adults. With increasing depth of 
anesthesia there is progressive airway obstruction seen at the 
level of the soft palate and epiglottis primarily. Increasing 
concentrations of both propofol- and sevoflurane-based 
anesthetics have shown dose-dependent decreases in pha-
ryngeal space within children studies, primarily occur-
ring in the anteroposterior dimension. Propofol anesthesia 
with increasing depth in children specifically shows upper 
airway narrowing throughout with the most pronounced 
effects in the hypopharynx at the level of the epiglottis. 
This narrowing can be offset by extension of the head at 
the atlantooccipital joint with anterior displacement of 
the cervical spine into the classic “sniffing position,” which 
will improve hypopharyngeal airway patency, but does not 
alter the position of the tongue, supporting the concept 
that upper airway obstruction is not primarily caused by 
changes in tongue position but is more likely related to col-
lapse of the pharyngeal structures.

Given the absence of high-pitched upper airway sounds 
and likely adequate depth of anesthesia evident by end-tidal 
sevoflurane concentration of 6%, laryngospasm is a less 
likely cause of the airway obstruction (Answer A). Nasal 
compression could certainly be contributing to the airway 
obstruction, but it is not as likely as submandibular com-
pression by the operator’s hand, particularly with reposi-
tioning of the mask and subsequent difficulty in masking 
where the hand could have been misplaced in the subman-
dibular region (Answer B). Another possible contributing 
factor to difficult mask ventilation is gastric overdistention, 
but this typically arises as a problem following a period of 
vigorous positive-pressure ventilation with peak inspiratory 
pressures large enough to open the gastroesophageal junc-
tion and insufflate the stomach. This is less likely the cause 
in this case given the fact that the patient was breathing 
spontaneously prior to attempting positive-pressure venti-
lation and abrupt loss of ETCO

2
 and chest rise.

K E Y FAC T S

• The most common provider-induced error during mask 
ventilation is to tightly compress the submental triangle 
with fingers placed below the mandibular ridge, thereby 
partially occluding the airway.

• With increasing depth of anesthesia there is progressive 
airway obstruction seen at the level of the soft palate and 
epiglottis primarily.

Table 23 .2 Watcha BehavIor scale for 
eMergence delIrIuM

LEVEL DESCR IPTION

1 calm

2 crying but can be consoled

3 crying but cannot be consoled

4 Agitated and thrashing around

Table 23 .3 cravero eMergence agItatIon scale

LEVEL DESCR IPTION

1 obtunded with no response to stimulation

2 Asleep but responsive to movement or stimulation

3 Awake and responsive

4 crying (for >3 min)

5 Thrashing behaviour that requires restraint
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• Upper airway narrowing can be offset by extension 
of the head at the atlantooccipital joint with anterior 
displacement of the cervical spine into the classic 
“sniffing position,” which will improve hypopharyngeal 
airway patency.
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3 .  A N S W E R :  D

Single-lung ventilation (SLV) is extremely valuable in mul-
tiple aspects of pediatric surgery and anesthesia. Similar to 
the adult population, there are absolute and relative indica-
tions (see Boxes 23.1 and 23.2) for single-lung ventilation; 
however, in the pediatric population it is important to rec-
ognize that the surgical field is obviously of smaller size, 
leading to potential complications with retractor place-
ment, compression of thoracic and mediastinal structures, 
and the greater likelihood of endotracheal tube (or other 
lung isolation device) malpositioning with movement of the 
patient’s body or head, or from manipulations within the 
surgical field itself.

There are several safe, reliable, and effective means of 
achieving SLV ventilation in the pediatric population. 
However, there are several important limitations based 
on the size of pediatric patients, their respective anatomy, 
and the commercially available devices to achieve SLV. The 
simplest means of providing SLV is to intentionally intu-
bate the ipsilateral mainstem bronchus of the side desired 
to be ventilated with a single-lumen endotracheal tube 

(ETT). The right and left mainstem bronchi have differ-
ent characteristics with the right mainstem bronchus 
being larger, shorter, and more vertical than the left 
mainstem bronchus, making right mainstem intubation 
the easiest means of achieving SLV, as the ETT is simply 
advanced until breath sounds are no longer heard on the 
left with absolute confirmation achieved by either fiberoptic 
bronchoscopy or fluoroscopy. The left mainstem bronchus 
comes off at a more oblique angle, making left mainstem 
intubation more challenging without the assistance of an 
imaging technique. In the situation described the patient 
most likely has hemoptysis stemming from previous surgery 
on the right lung; to avoid contaminating the presumably 
normally functioning left lung, selective isolation of the left 
lung should quickly be achieved (absolute indication for 
lung isolation). Due to the lack of immediately available 
resources for direct imaging in this scenario, several maneu-
vers can be attempted to selectively isolate and intubate 
the left mainstem bronchus. The recommended approach 
is to rotate the bevel of the ETT 180 degrees (bevel now 
facing posteriorly), rotate the child’s head to the right, intu-
bate, and auscultate until breath sounds are no longer heard 
on the right. This is obviously not the preferred means to 
accomplish SLV, and ideally a fiberoptic bronchoscope 
would be available to confirm positioning, but in some 
circumstances this equipment may not immediately be 
available and in cases such as massive hemoptysis or con-
tralateral tension pneumothorax achieving lung isolation 
is an emergency. It should be noted than when selectively 
intubating the left mainstem bronchus, it is also possible to 
occlude the left upper lobe orifice when a cuffed ETT is 
used; therefore, the distance from the proximal cuff to the 
tip of the ETT must be less than the length of the mainstem 
bronchus. Many other devices are available to achieve SLV, 
including double-lumen ETTs, bronchial blockers, and 
Fogarty catheters, but may have functional limitations and 
should be chosen carefully when anatomic limitations are 
likely present.

Box 23.1 aBsolute IndIcatIons for lung 
IsolatIon

1. Isolation of each lung to prevent contamination of a 

healthy lung

a. Infection: abscess, infected cyst

b. Massive hemorrhage

2. Control of distribution of ventilation to only one lung

a. Bronchopleural fistula

b. Bronchopleural cutaneous fistula

c. Unilateral cyst of bullae

d. Major bronchial disruption or trauma

3. Unilateral lung lavage

4 Video-assisted thoracoscopic surgery

Box 23.2 relatIve IndIcatIons for lung 
IsolatIon

1. Surgical exposure—high priority

a. Thoracic aortic aneurysm

b. Pneumonectomy

c. Upper lobectomy

2. Surgical exposure—low priority

a. Esophageal surgery

b. Middle and lower lobectomy

c  Thoracoscopy under general anesthesia 
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K E Y FAC T S

• The simplest means of providing SLV is to intentionally 
intubate the ipsilateral mainstem bronchus of the side 
desired to be ventilated with a single-lumen ETT.

• When selectively intubating the left mainstem bronchus, 
it is also possible to occlude the left upper lobe orifice 
when a cuffed ETT is used; therefore, the distance from 
the proximal cuff to the tip of the ETT must be less than 
the length of the mainstem bronchus.

• Other devices are available to achieve SLV, including 
double-lumen ETTs, bronchial blockers, and Fogarty 
catheters, and a fiberoptic bronchoscope would be used 
to confirm positioning.
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4 .  A N S W E R :  D

Through an inhalational induction many of the classic 
characteristics describing ether-based general anesthesia 
can be witnessed, although they are less dramatic than 
described by Ernest Guedel. There are four characteris-
tic stages of general anesthesia. Patients in stage 1 have 
intact airway reflexes and some analgesia, but they can 
respond to verbal stimulation, have intact reflexes, and 
have normal respiratory patterns. As depth progresses 
to stage 2, excitatory patterns are seen; patients in 
this stage have delirium with associated unconscious-
ness, irregular and unpredictable respiratory patterns 
(including hyperventilation), nonpurposeful move-
ments, and increased risk of reflex activity, including 
laryngospasm, vomiting, and arrhythmias. Progressing 
to stage 3 denotes entry into surgical anesthesia, where 
there are more regular and periodic respirations and 
MAC is achieved. Stage 4 is typically described as an 
“overdose” of anesthesia, where there can be loss of respi-
ratory drive along with cardiovascular collapse. With the 
use of intravenous-based induction agents, patients 
often bypass stage 1 and stage 2 and progress directly into 
stage 3, where airway instrumentation and other noxious 
stimuli are typically tolerated. Sevoflurane leads to both 
decreased volume and increased respiratory rate, but typi-
cally not to the point of apnea, as described in the stem 
above (at least not until stage 4 is achieved or other respira-
tory depressants have been administered). In this particu-
lar scenario the patient likely has depressed her PaCO

2
 

significantly to the point where she decreased her central 

respiratory drive. In a situation such as this the provider 
must now consider administering positive-pressure 
ventilation to maintain airway patency, and this increases 
the risk of untoward reflex activity such as laryngospasm 
or vomiting if the patient has not achieved an appropri-
ate depth of anesthesia during the inhalational induction. 
If the mother is still present in this situation, it would be 
wise to escort the mother from the operating room at this 
time to decrease the likelihood of her witnessing resuscita-
tion during this high-risk period of induction.

Breath holding (Answer A) is possible but unlikely, 
given the scenario described and the increasing vital capac-
ity breaths prior to abrupt apnea. Breath holding occurs as 
irregular breathing patterns most commonly seen during 
stage 2 of general anesthesia.

Laryngospasm (Answer B) is another possibility, 
but again it is less likely, given the scenario described. 
Laryngospasm can be abrupt or insidious with progressively 
increasing difficulty maintaining airway patency. It is often 
associated with other clinical findings as long as spontane-
ous ventilation is maintained, including inspiratory stridor, 
sternal, and/or intercostal retractions.

Provider-induced airway obstruction (Answer C) is 
another possibility, but the described scenario is more 
likely associated with apnea, not obstruction. Although 
provider-induced airway obstruction can initially lead to 
presumed loss of spontaneous respirations, it is important 
to look for other signs of upper airway obstruction if this 
is presumed, and attempting certain maneuvers to alter 
airway patency can likely quickly verify whether or not 
airway obstruction is the cause. Maneuvers such as repo-
sitioning the mask, opening the mouth, placing an oro-
pharyngeal airway, and ensuring excessive pressure is not 
placed in the submandibular region or nasal bridge can all 
help quickly assess whether airway obstruction or apnea 
is present.

K E Y FAC T S

• There are four characteristic stages of general anesthesia:
• Stage 1—intact airway reflexes and some analgesia but 

can respond to verbal stimulation, have intact reflexes, 
and normal respiratory patterns

• Stage 2—excitatory patterns, delirium, 
unconsciousness, irregular and unpredictable 
respiratory patterns (including hyperventilation), 
nonpurposeful movements, and increased risk of 
reflex activity, including laryngospasm, vomiting, and 
arrhythmias

• Stage 3—surgical anesthesia, more regular and 
periodic respirations, MAC is achieved

• Stage 4—loss of respiratory drive along with 
cardiovascular collapse

• With intravenous-based induction, patients often bypass 
stage 1 and stage 2 and progress directly into stage 3, 
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where airway instrumentation and other noxious stimuli 
are typically tolerated.
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5 .  A N S W E R :  D

Parental presence at induction of anesthesia (PPIA) is a 
controversial topic within pediatric anesthesia. Several 
studies have been done to evaluate the potential benefit 
of parental presence in the operating room and the reduc-
tion in anxiety among pediatric patients. This practice has 
increased significantly in the United States over the past 
decade. Two systematic reviews have summarized the pub-
lished evidence regarding this topic and determined that 
PPIA reduced anxiety among parents but not children 
(Answer C) but did show increased parental satisfaction 
scores. It has been found that parents who are most insis-
tent on being present during induction are often the most 
disruptive, the least likely to calm their child, and actually 
worsen noncompliant behavior in their child. However, 
the calm parents accompanying anxious children have 
shown a measurable benefit (Answer A), but there is no sig-
nificant impact if both the child and the parent are both 
deemed to be calm. Children will rarely experience sepa-
ration anxiety before 8  months of age (Answer B), even 
in developmentally delayed children. Those between the 
ages of 1 and 6 years are most likely to benefit from PPIA. 
From a medicolegal standpoint it is important to remem-
ber that parents should be told that they “may accompany” 
their child for the induction of anesthesia rather than be 
invited by the provider due to the fact that the provider and 
hospital may be held liable for any unexpected events which 
the parent may experience. Parents need to be instructed 
on what to expect as their child undergoes the induction 
of general anesthesia, particularly that they might cry, have 
abnormal breathing, roving eye movements, uncontrolled 
movement of their extremities, and/or flaccid appearance. 
Instructing parents and preparing for PPIA can reduce anx-
iety and significantly improve the outcome of PPIA, includ-
ing teaching distraction techniques and avoiding reassuring 
behavior. Parents should be escorted quickly from the oper-
ating room upon loss of consciousness, and the anesthesiol-
ogist should obviously be prepared to reassure and respond 
quickly should anything go wrong during induction. When 
choosing which parents will be most effective during PPIA, 
it is important to determine the demeanor of both the 

child and the parent, as this can significantly impact the 
effectiveness of PPIA.

K E Y FAC T S

• It has been found that parents who are most insistent 
on being present during induction are often the most 
disruptive, the least likely to calm their child, and 
actually worsen noncompliant behavior in their child.

• Children will rarely experience separation anxiety before 
8 months of age, and those between the ages of 1 and 
6 years are most likely to benefit from PPIA.

• Instructing parents and preparing for PPIA can reduce 
anxiety and significantly improve the outcome of PPIA, 
including teaching distraction techniques and avoiding 
reassuring behavior.
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6 .  A N S W E R :  A

This patient most likely has postintubation croup. This 
presents as inspiratory stridor, hoarseness, and often the 
seal-like “barking” cough. Typically this does not lead to 
respiratory distress except in more severe cases where inter-
costal retractions or nasal flaring can be seen with increased 
work of breathing. The mechanism for postintubation 
croup is most likely due to mechanical trauma or muco-
sal ischemia from the endotracheal tube and/or cuff lead-
ing to tracheal edema and airflow restriction. The reported 
incidence ranges from 0.1% to 1% of children who are intu-
bated with associated risk factors, including an ETT with 
an outer diameter that is too large for the child’s airway 
(i.e., no appreciable ETT or cuff leak at >25  cm H

2
O, or 

resistance to advancement during insertion), positional 
changes during the procedure leading to mechanical shear-
ing force trauma, positions other than supine, traumatic 
intubations, patients between 1 and 4  years old (such as 
this patient), surgery lasting greater than 1 hour, cough-
ing while the ETT remains in place (such as this patient), 
and a previous history of croup. There is conflicting evi-
dence whether upper respiratory infection is an additional 
risk factor because some studies have shown an association 
and others have shown it to be unrelated. It is important 
to note that there are two types of croup: postintubation 
and infectious. These two processes are not identical and 
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although the treatment modalities are similar, treatment 
for postintubation croup has not been proven in controlled 
trials and the rationale for the treatments administered 
stem from experience in treating infectious croup. The 
first-line treatment for presumed postintubation croup is 
supportive care, including delivery of humidified mist. 
Additional therapies include dexamethasone 0.5 mg/kg  
up to 10 mg, and ultimately the addition of nebulized 
racemic epinephrine in severe cases where increased work 
of breathing, sternal or intercostal retractions, or nasal flar-
ing is present (Answers C and D). Close attention should be 
paid in this last group because there is potential for rebound 
edema after the racemic epinephrine has worn off, warrant-
ing close observation of these children to ensure that symp-
toms do not recur and or are exacerbated. When evaluating 
a child for postintubation croup, it is important to first 
rule out more severe causes of upper airway obstruction 
such as laryngospasm, vocal cord injury, or foreign body 
aspiration.

Nebulized albuterol is helpful in treating broncho-
spasm, but it would not be first-line therapy in this patient.

K E Y FAC T S

• The mechanism for postintubation croup is most likely 
due to mechanical trauma or mucosal ischemia from the 
endotracheal tube and/or cuff leading to tracheal edema 
and airflow restriction.

• Treatment for postintubation croup is supportive 
care, including delivery of humidified mist, with 
dexamethasone 0.5 mg/kg up to 10 mg and nebulized 
racemic epinephrine in severe cases.
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7.  A N S W E R :  B

Retromolar intubation, also known as the paraglossal or 
lateral approach, utilizes a straight blade such as a Miller 
and is ideally used in situations where classic direct mid-
line rigid laryngoscopy fails due to a large tongue or small 
mandible. The technique is accomplished by turning the 
child’s head slightly to the left, advancing a small straight 
blade such as a Miller #1 from the furthest right side of 
the mouth between the tongue and the lateral pharyn-
geal wall, thereby sweeping the tongue completely to the 
left and ideally bypassing any obstruction to viewing the 

glottic opening. To further optimize this technique, a 
small retractor (such as a Senn) or an assistant can further 
pull back on the right side of the mouth to increase the 
space for ETT placement. The blade is advanced while 
staying to the right overlying the bicuspids and lateral 
incisors until the epiglottis or glottis is visualized; once in 
view, the tip of the straight blade can be used to lift the 
epiglottis and optimize view of the glottic opening. Once 
a view is achieved, the proximal portion of the blade can 
be rotated toward the left (midline) to allow for increased 
room when trying to place and advance the ETT. Shorter 
length straight blades are preferred because the distance 
to the glottic opening is significantly shorter when this 
approach is used compared to midline. The improved view 
with this approach is due to several aspects; first, there is 
reduced need for soft tissue displacement and compres-
sion because by placing the blade in the lateral position, the 
tongue is bypassed. This is particularly useful in children 
with micrognathia, as the space to displace the tongue is 
significantly reduced during the midline approach. The sec-
ond aspect is an improved line of visualization because the 
incisors and maxillary structures are also bypassed when 
inserting the blade from the lateral position and shifting 
the head to the left. Third, the straight blade minimizes 
the chance of obstructing the laryngeal view compared 
to a curved blade. Fourth, the angle and distance from the 
insertion of the straight blade at the right commissure of 
the mouth are reduced, allowing for easier view of the 
glottic opening, particularly during difficult intubation, 
compared to the midline approach.

Midface hypoplasia could lead to potential difficult 
mask ventilation (Answer A), and limited neck extension 
might limit the ability to perform adequate direct laryngos-
copy from either the midline or the lateral approach.

Cleft palate and glossoptosis (Answer C) are two com-
ponents of Pierre Robin sequence (third feature being 
micrognathia), a known anatomic configuration with risk 
for difficult intubation, but this answer is incorrect because 
a patient with a cleft palate should not have significant 
limitation with the midline approach to direct laryngos-
copy, and glossoptosis without micrognathia could lead 
to difficult midline approach to intubation but would 
certainly lead to a greater likelihood of airway obstruc-
tion. Retromolar intubation has been shown to be useful 
in patients with Pierre Robin sequence, but without micro/
retrognathia as a choice in addition to cleft palate and glos-
soptosis, Answer B is a better choice.

Laryngeal edema (Answer D) itself could make direct 
laryngoscopy from either the midline or the lateral posi-
tion difficult; in a patient with this condition, preparation 
for possible surgical airway and or the use of a fiberoptic 
bronchoscope may be the best means to secure the airway. 
Retrognathia is a feature that would make the retromolar 
approach potentially a better option, but when paired with 
laryngeal edema, this again makes Answer B a better choice.
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K E Y FAC T

• Retromolar intubation, also known as paraglossal or 
lateral approach, utilizes a straight blade such as a Miller 
and is ideally used in situations where classic direct 
midline rigid laryngoscopy fails due to a large tongue or 
small mandible.
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8 .  A N S W E R :  B

Certain syndromes have a known association with difficult 
airway, stemming from typically one of six etiologies: max-
illary size, mandibular size, tongue and soft tissue, cervical 
spine, larynx, or mandibular sliding and hinge function. 
Airway management of each of these abnormalities 
requires meticulous attention to the specific challenges 
which can be faced during attempted mask ventilation, 
positioning, direct or video laryngoscopy, fiberoptic 
intubation, and extubation. Of the syndromes listed, 
Treacher Collins syndrome is caused by deficient devel-
opment of the branchial arches, particularly the first and 
second branchial arches. Several facial anomalies and 
their associated syndromes are secondary to anomalies or 
defects in the branchial arches. Presentations can include 
external ear deficiencies, auricular tags, and persistent 
branchial clefts or cysts. Micro- or macrostomia results 
from abnormal merging of the maxillary and mandibu-
lar prominences, while micrognathia, which is also an 
anomaly of the first branchial arch, is a result of retarded 
mandibular development by any mechanism whether 
intrinsic developmental defect or direct compression dur-
ing late gestation. Syndromes associated with branchial 
arch malformations include Treacher Collins syndrome, 
Robin sequence, and Goldenhar syndrome and hemifacial 
microsomia (oculo-auriculovertebral spectrum). Treacher 
Collins syndrome has an incidence of 1:50,000 live births 
with major clinical features, including midface hypoplasia, 
micrognathia, microtia, conductive hearing loss, and cleft 

palate. The gene associated with this abnormality has been 
mapped to chromosome 5q31.3–32. Abnormalities are 
typically bilateral, symmetrical, and confined to the cra-
niofacial complex. Possible associated nonfacial features 
include choanal atresia, ophthalmic features (microph-
thalmia, coloboma of the eyes, and notched lower eyelids), 
absent parotid gland(s), renal anomalies, and congenital 
heart disease. Typically mental development is not affected. 
The characteristic facial appearance is a dysmorphic man-
dible and maxillary-malar complex, with a narrow face, 
down-sloping palpebral fissures, depressed cheekbones, 
and a large down-turned mouth. Airway difficulties are 
found also due to an abnormal cranial base angle that is 
decreased, leading to positioning of the posterior phar-
ynx forward; also pharyngeal dimensions are reduced by 
hypoplastic skeletal elements. Airway difficulties tend to 
increase with increasing age. Surgical options for correct-
ing upper airway obstruction stemming from mandibular 
deficiency include mandibular distraction osteogenesis, 
avoiding tracheostomy, and allowing for future growth of 
the mandible.

Pfeiffer syndrome (Answer A) is a craniosynosto-
sis defect classified among the acrocephalosyndactylies 
(Acrocephalosyndactyly Type V), where a mutation in the 
FGFR-1 gene and sometimes the FGFR-2 gene results in 
premature cell maturation and bony suture closure, typi-
cally leading to hypertelorism, proptosis, maxillary hypo-
plasia, mandibular prognathism, and malocclusion. There is 
both a potential for difficult mask ventilation and difficult 
intubation in these patients.

Beckwith-Wiedemann syndrome (Answer C) is most 
commonly a sporadically occurring syndrome with exom-
phalos, macroglossia, gigantism, and hypoglycemia caused 
by hyperinsulinism. The 11p15 chromosome region con-
tains a growth-promoting and a tumor-suppression gene. 
The genetic anomaly results in increased expression of the 
IGF-2, which is responsible for the somatic overgrowth 
and predisposition to tumors. Associated clinical features 
include macroglossia (98% of cases), visceromegaly (possi-
bly leading to omphaloceles and umbilical hernias), mid-
face hypoplasia, prominent occiput, ear anomalies, somatic 
gigantism, and neonatal hypoglycemia. There is an increased 
incidence of benign tumors. Macroglossia and midface 
hypoplasia make mask ventilation and direct laryngoscopy 
potentially difficult in these patients.

Apert syndrome (Answer D) is also a craniosynosto-
sis defect (Acrocephalosyndactyly Type I) that results from 
mutations in the gene encoding FGFR-2, which leads to 
abnormal osseous development resulting in irregular bridg-
ing of mesenchymal tissue that eventually transforms into 
bone. Features include midface hypoplasia and symmetrical 
syndactyly of the hands and feet involving at least the sec-
ond, third, and fourth digits. There is both a potential for 
difficult mask ventilation and difficult intubation in these 
patients.
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K E Y FAC T S

• Defects in the branchial arches can lead to external ear 
deficiencies, auricular tags, persistent branchial clefts or 
cysts, micro/macrostomia, and micrognathia.

• Syndromes associated with branchial arch 
malformations include Treacher Collins syndrome, 
Robin sequence, and Goldenhar syndrome and 
hemifacial microsomia (oculo-auriculovertebral 
spectrum).

• Airway difficulties found in Treacher Collins syndrome 
are due to an abnormal cranial base angle, leading 
to forward positioning of the posterior pharynx and 
reduced pharyngeal dimensions.
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9.  A N S W E R :  A

Sevoflurane was introduced in the 1990s and has become 
the primary volatile anesthetic used for inhalational induc-
tions in pediatric anesthesia. It is a fluorinated methyl iso-
propyl ether with low blood solubility correlating with 
blood-gas coefficient of 0.68. It can be delivered in con-
centrations up to 8% without significant breath holding, 
coughing, or laryngospasm and leads to rapid induction 
and recovery. Compared to other volatile anesthetics, it 
has an increased MAC in neonates and infants <6 months 
old with an associated MAC of 3.3% in this group, com-
pared to 2.5% in children between 6 months and 5 years 
old (Answers B, C, and D), increasing to 2.0% in adults. 
The explanation for this different relationship compared 
to other volatile anesthetics remains unclear. Sevoflurane 
has minimal cardiovascular side effects, producing less 
hypotension compared to desflurane, less tachycardia com-
pared to isoflurane, and less direct myocardial compression 
or arrhythmias due to sensitization of the myocardium to 
catecholamines such as epinephrine compared to halo-
thane. It has been shown to be an effective bronchodi-
lator and decreases minute ventilation and respiratory 
frequency in infants at 1 MAC but only slightly increased 
end-tidal carbon dioxide levels. Neurologic effects show 

cortical epileptiform electroencephalographic (EEG) read-
ings without evidence of frank seizures. There is some 
metabolism of sevoflurane up to 5% into inorganic fluo-
ride with secretion in the urine, but it is still below the 
acceptable nephrotoxic levels of 50  mmol/L. There is a 
higher probability of postemergence delirium with the 
use of sevoflurane compared to other volatile anesthetics, 
by a yet to determined mechanism, with treatment typi-
cally consisting of dexmedetomidine, fentanyl, or propofol 
in small doses.
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10 .  A N S W E R :  C

The depth of anesthesia during inhalational induction 
and maintenance, particularly during spontaneous respi-
rations, has a specific protective mechanism described 
as a negative-feedback respiratory response. There are two 
methods to achieve a successful inhalational induction; 
the first is with an incremental increase in the amount 
of volatile anesthetic delivered (stepwise approach) with 
resultant slow increases in delivered anesthetic and pro-
gressive increase in the depth of anesthesia. This is an 
acceptable means of induction in a cooperative child who 
will tolerate a mask seal while awake. The second method 
is referred to as an overpressure technique, in which the 
inspired concentration of inhalational anesthetic to be 
delivered is several fold greater than the MAC of that 
particular agent (i.e., setting sevoflurane concentration to 
8% during a single-breath inhalational induction), which 
is more useful in children who are combative and require 
a quicker means of induction and airway control. During 
the initial phase of inhalational induction, there is a rapid 
increase in the FA/FI (alveolar/inspired) ratio with 
accompanying increases in blood levels, particularly to 
the vessel-rich group (VRG) consisting of the brain, heart, 
splanchnic bed (including liver), kidney, and endocrine 
glands. As this level, there is a negative feedback effect 
slowing minute ventilation and subsequent further 
washin of volatile anesthetic, subsequently decreasing 
the uptake by the blood of further anesthetic and slow-
ing the delivery of further anesthetic to the VRG. When 
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the partial pressure in the VRG again drops (particularly 
in the brain, which is controlling minute ventilation), 
anesthetics move along their partial pressure gradients 
from the VRG back into the blood, thereby decreasing 
the depth of anesthesia and further promoting increased 
minute ventilation again resumption of uptake of anes-
thetic gases from the alveoli. If ventilation were to be 
controlled, for example, in a situation where a spontane-
ously breathing child during an inhalational induction 
goes into laryngospasm, is treated with succinylcholine, 
and then has controlled ventilation with continued high 
doses of volatile agent, this negative-feedback mechanism 
is abolished and there is a real possibility of significant vol-
atile anesthetic overdose. This is of particular importance 
in neonates and small infants who are more susceptible 
to the cardiovascular depressant effects of volatile agents 
compared to older children.

The minimal cardiovascular depression (Answer A) 
seen with sevoflurane in particular compared to halothane 
is protective in minimizing the possibility of cardiovascular 
collapse during an inhalational induction, but it is not the 
physiological protective mechanism.

Decreased solubility (Answer B) affects the speed of 
induction and amount of uptake, but it does not directly 
affect spontaneous ventilation during an inhalational 
induction.

The overpressure technique (Answer D) refers to 
increasing the inspired concentration of volatile anesthetic 
to several fold greater than the MAC for that particular 
agent during an inhalational induction (i.e., delivery of 8% 
sevoflurane), which quickly increases the depth of anesthe-
sia but does not directly affect the maintenance of spontane-
ous respirations as long as the patient is allowed to continue 
with spontaneous respirations without augmentation using 
neuromuscular blocking agents, opioids, or other respira-
tory depressants and subsequent controlled ventilation 
with continued delivery of high concentrations of inhaled 
anesthetics.

K E Y FAC T S

• During the initial phase of inhalational induction there 
is a rapid increase in the FA/FI (alveolar/inspired) ratio 
with accompanying increases in blood levels.

• There is a negative feedback effect slowing minute 
ventilation and subsequent further washin of volatile 
anesthetic, subsequently decreasing the uptake by the 
blood of further anesthetic and slowing the delivery of 
further anesthetic to the VRG.
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11.  A N S W E R :  B

The clinical scenario described here suggests airway obstruc-
tion occurring during spontaneous ventilation followed by 
difficult mask ventilation in the setting of an oropharyn-
geal airway being in place. The retractions seen suggest sig-
nificant upper airway obstruction with a wide differential of 
diagnoses. Succinylcholine was given with no improvement, 
helping eliminate laryngospasm, but the cardiac murmur 
and difficulty passing the nasal airway suggest the possibility 
of both an intracardiac defect and choanal atresia, two find-
ings seen in CHARGE syndrome. CHARGE syndrome is 
an acronym for the constellation of life-threatening anoma-
lies consisting of coloboma, heart anomaly, choanal atresia, 
mental and growth retardation, genital anomalies, and ear 
anomalies. The embryological basis of CHARGE syndrome 
is a midline developmental defect attributed to an arrest 
in embryologic differentiation during early organogenesis; 
more than 90% of cases occur sporadically with an incidence 
of 1:13,000 to 1:15,000 live births. Diagnosis consists of hav-
ing four of seven findings described in the acronym, includ-
ing at least one major anomaly. These patients may present 
with extreme respiratory distress or feeding difficulties 
as neonates. Heart anomalies are present in up to 80% of 
patients with a wide variety of defects represented, includ-
ing ASD/VSD, AV canal defects, conotruncal malforma-
tions, Tetralogy of Fallot, hypoplastic left heart syndrome, 
PDA, pulmonary stenosis, and coarctation of the aorta. 
Airway findings include choanal atresia (bilateral in 50% of 
patients), laryngomalacia, laryngeal cleft, and subglottic ste-
nosis. Abnormal facial features can also contribute to dif-
ficult mask ventilation, in particular midface hypoplasia, 
micrognathia, and cleft lip/palate. Nerve palsies are often 
seen, with sensorineural hearing loss being the most com-
mon feature present in CHARGE syndrome. Heart defects 
and postoperative pulmonary complications have the 
greatest contribution to perioperative morbidity and mor-
tality. Airway management can be particularly challenging 
in this population because the midface hypoplasia, micro-
gnathia, choanal atresia, small mouth, and cleft lip can make 
mask ventilation very challenging. Laryngomalacia leads to 
upper airway obstruction despite placement of an adequately 
sized oropharyngeal airway. Anteriorly displaced larynx can 
make direct laryngoscopy also quite challenging. Airway 
management becomes more difficult with age. Spontaneous 
ventilation should be maintained until the airway is secure, 
if at all possible.

Crouzon syndrome (Answer A) is also known 
as acrocephalosyndactyly type II. Patients have 
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characteristic facial features due to craniosynostosis of 
the coronal or sagittal suture. This leads to maxillary 
hypoplasia, relative mandibular prognathism, parrot 
beaked nose, shallow orbits, proptosis, hypertelorism, 
high-arched palate, bifid uvula, mild mental retardation, 
possible herniation of cerebellar tonsils due to increased 
intracranial pressure, and broad tarsal bones or fused 
tarsal bones. Mask ventilation and airway difficulties 
should be anticipated, and there is the possibility of car-
diac defects, but this association is not as strong as in the 
CHARGE syndrome.

Prader-Willi syndrome (Answer C) results from 
loss of paternal copy of chromosome 15q11.2–13, leading 
to short stature, mental retardation, severe obesity, small 
hands and feet, hypotonia in infancy, and diabetes mellitus. 
There is certainly the possibility of difficult mask airway 
and intubation given the obesity of these children, but there 
is not associated structural airway abnormalities or associ-
ated cardiac defects.

DiGeorge syndrome (Answer D) is an autosomal 
dominant 22q11.2 microdeletion syndrome character-
ized by cardiac outflow tract abnormalities, hypoparathy-
roidism, hypocalcemia, thymic hypoplasia/aplasia with 
associated immune defects, and airway/craniofacial abnor-
malities (small dysplastic ears, hypertelorism, anteverted 
nostrils, short philtrum, cupid bow mouth, midface hypo-
plasia, retrognathia, micrognathia, high-arched palate, and 
bifid uvula). This patient could present with the findings of 
cardiac murmur and difficult airway management but have 
a lower likelihood of difficulty placing nasal airway (no sig-
nificant association with choanal atresia).

K E Y FAC T S

• CHARGE syndrome is an acronym for the constellation 
of life-threatening anomalies consisting of coloboma, 
heart anomaly, choanal atresia, mental and growth 
retardation, genital anomalies, and ear anomalies.

• Heart defects and postoperative pulmonary 
complications have the greatest contribution to 
perioperative morbidity and mortality.

• Airway management can be particularly challenging 
in this population because the midface hypoplasia, 
micrognathia, choanal atresia, small mouth, and cleft lip 
can make mask ventilation very challenging.

references

Bissonnette B, Luginbuehl I, Marciniak B, Dalens B, eds. 
Syndromes:  Rapid Recognition and Perioperative Implications. 
New York, NY: McGraw-Hill Professional; 2006.

Mann DG, Garcia PJ, Andropoulos DB. “Anesthesia for the Patient 
with a Genetic Syndrome” in Gregory GA, Andropoulos DB, eds. 
Gregory’s Pediatric Anesthesia. 5th ed. Oxford, UK: Wiley-Blackwell; 
2012:996–1000.

12 .  A N S W E R :  C

The pediatric population, similar to adults, has several risk 
factors that predispose them to pulmonary aspiration at 
some point during general anesthesia. The initial assess-
ment of the child should include NPO status and time from 
last clear liquid, solid meal, or breast milk in infants.

Guidelines recommend the following NPO times:

Clear liquids: 2 hours

Breast milk: 4 hours

Infant formula: 6 hours

Solids (fried or fatty foods): 8 hours

In patients where surgery is emergent it should be assumed 
that a full stomach is present and the induction of anesthe-
sia should be adjusted accordingly based on the patients’ 
other comorbidities and/or presence of trauma, which 
could potentially increase the challenges of successful air-
way management. Studies have shown a wide range in the 
incidence of pulmonary aspiration of gastric contents dur-
ing elective surgery in children with ranges from 1:1163 to 
1:10,000, with reported incidences several times higher 
(ranges from 1:373 to 1:4544 in children undergoing 
emergency procedures (Answer A) due to decreased gas-
tric motility in the setting of either receiving opioids or 
pain. Several specific comorbidities have been shown to 
be independent risk factors for perianesthetic aspiration, 
including neurologic or esophagogastric abnormalities, 
emergency surgery, ASA physical status of >3, intestinal 
obstruction, increased intracranial pressure, increased 
intraabdominal pressure, obesity, and the skill and experi-
ence of the anesthesiologist. Altered mental status perhaps 
secondary to increased intracranial pressure can lead to 
inability to adequately maintain protective airway reflexes 
in addition to the possibility of decreased gastric empty-
ing (Answer B). Decreased gastric emptying and possible 
increased gastric volume leads to increased risk for aspira-
tion in the pediatric obese population (Answer D). Similar 
to adults, most aspiration events in children occur during 
the induction of anesthesia with only 13% occurring dur-
ing emergence and extubation, compared to a 30% of aspi-
ration events occurring during emergence in adults. Infants 
and young children are predisposed to aspiration due to a 
number of factors, including decreased competence of the 
lower esophageal sphincter, excessive air swallowing dur-
ing preinduction crying episodes, strenuous diaphragmatic 
breathing, and decreased esophageal length. Particular note 
should be given to cases where the patient has not received 
neuromuscular blockade during intubation. In this situ-
ation, when the airway is manipulated without either ade-
quate depth of anesthesia or neuromuscular blockade, the 
patient can gag or cough, leading to regurgitation and aspi-
ration. Fortunately, the mortality of aspiration in children 
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is very low and is reported between 0 and 1:50,000. In elec-
tive surgery, morbidity and mortality are very low, both 
correlating to the patient’s ASA status, with clear gastric 
contents typically having minimal to no sequelae.

K E Y FAC T S

• Several specific comorbidities have been shown to be 
independent risk factors for perianesthetic aspiration, 
including neurologic or esophagogastric abnormalities, 
emergency surgery, ASA physical status of >3, intestinal 
obstruction, increased intracranial pressure, increased 
intraabdominal pressure, obesity, and the skill and 
experience of the anesthesiologist.

• Most aspiration events in children occur during the 
induction of anesthesia.

• Infants and young children are predisposed to aspiration 
due to decreased competence of the lower esophageal 
sphincter, excessive air swallowing during preinduction 
crying episodes, strenuous diaphragmatic breathing, 
decreased esophageal length, and reduced use of 
neuromuscular blockade.

references

Ghazal E, Mason L, Cote CJ. “Preoperative Evaluation, Premedication, 
and Induction of Anesthesia” in Cote CJ, Lerman J, Anderson 
B, eds. A Practice of Anesthesia for Infants and Children. 5th ed. 
Philadelphia, PA: Saunders; 2013:31–63.

Fiadjoe JE, Stricker PA, Litman RS. “Pediatric Airway Management” in 
Gregory GA, Andropoulos DB, eds. Gregory’s Pediatric Anesthesia. 
5th ed. Oxford, UK: Wiley-Blackwell; 2012:317.

Lerman J, Sampathi V, Watt S. “Induction, Maintenance, and Emergence 
from Anesthesia” in Gregory GA, Andropoulos DB, eds. Gregory’s 
Pediatric Anesthesia. 5th ed. Oxford, UK:  Wiley-Blackwell; 
2012:334–8.

13 .  A N S W E R :  D

Double-lumen endotracheal tubes (DLTs) are the gold stan-
dard for lung isolation in the adult population. It is essen-
tially two tubes of unequal length molded together. Each of 
the two tubes is designed to lie within the trachea (shorter 
tube) and the mainstem bronchus (either right or left; the 
longer tube). With the tracheal cuff inflated it is possible 
to deliver positive-pressure ventilation; and when the bron-
chial cuff is inflated, the positive-pressure ventilation can 
be diverted to either or both lungs depending on whether 
the gas delivery to that lumen is patent (i.e., clamped or 
unclamped). The bronchial cuff prevents contamination 
from secretions, purulent material, or blood originat-
ing from the contralateral side. DLTs also allow for defla-
tion of either lung with selective clamping of gas delivery 
to that lumen, promoting optimal visualization during 
video-assisted thoracoscopic surgery or during open tho-
racotomy. Within the pediatric population there are many 

means of providing one-lung ventilation, but the limiting 
factor for most modalities is the size of the patient and the 
ability of the trachea or mainstem bronchus to accommo-
date a correctly sized airway device without causing trauma 
or excessive mucosal pressure. Due to the tremendous vari-
ability in pediatric airway dimensions at any given age, 
textbooks have suggested that the earliest acceptable age 
to consider a DLT is between 8 and 10 years old. Based 
on sizing tables from the Cote textbook, it can be seen 
that a 26 French DLT (Covidien) is the smallest commer-
cially available DLT in the United States. This DLT has an 
outer diameter (OD) of approximately 8.7 mm, equivalent 
to approximately a 6.0 inner diameter (ID) cuffed ETT 
(Sheridan). Other alternative devices for one-lung ventila-
tion that can be used for this age patient include a 5 French 
Bronchial Blocker or a 3.5 Univent Tube.
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14 .  A N S W E R :  B

Several factors determine the wash-in rate of inhaled anes-
thetics, including the inspired concentration, alveolar ven-
tilation (Va), functional residual capacity (FRC), cardiac 
output, agent solubility, and alveolar to venous partial 
pressure gradient. In infants there are several factors that 
lead to faster wash-in rates compared to adults, including 
greater ratio of alveolar ventilation to functional residual 
capacity (Va/FRC), greater fraction of the cardiac output 
distributed to the vessel-rich group (VRG), reduced tissue/
blood solubility, and reduced blood/gas solubility. Typically 
the rate of increase in FA/FI is inversely related to 
changes present in cardiac output (CO) (i.e., larger CO 
leads to slower increase in FA/FI due to more anesthetic 
being removed from the lungs at a faster rate. In infants 
this relationship is the opposite; a paradoxical response is 
seen despite the greater cardiac index present in neonates 
compared to adults, leading to a faster increase in FA/FI. 
It is thought that this is due to the increased percentage of 
CO distributed to the vessel-rich group of organs (brain, 
heart, kidney, splanchnic organs, and endocrine glands). 
In neonates the VRG comprises 18% of total body weight 
compared to 8% in adults, leading to a greater propor-
tion of the CO going to these organs. The increased blood 
flow leads to more rapid equilibration of inhaled anesthetic 
partial pressures in the venous blood returning to the lungs 
and the inspired gas at the alveolar level. This feature of 
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rapid increase in FA/FI is partially responsible for the rapid 
decline in cardiac performance and ultimately cardiac out-
put when more soluble agents (particularly halothane) are 
administered to neonates and infants through controlled 
ventilation.

Neonates actually have a higher cardiac index com-
pared to adults (Answer A), which typically would lead to 
more rapid rise in FA/FI due to more rapid equilibration 
of the inspired anesthetic levels at the alveolar level when 
less blood flow is present to “wash away” incoming inhaled 
anesthetics. As described earlier, a paradoxical response is 
seen in neonates despite higher cardiac index, which is due 
to the increased blood flow to the VRG.

Total body water is greatest in preterm neonates and 
decreases throughout gestation, into the postnatal period, 
and subsequently into adulthood. Total body water, how-
ever, has no specific effect on the rate of increase in FA/FI 
(Answer C).

The Va/FRC ratio is the primary determinant of anes-
thetic delivery to the lungs. Higher Va/FRC ratios lead to 
more rapid increases in FA/FI with more soluble anesthet-
ics being affected more than less soluble ones. The Va/FRC 
ratio is approximately 5:1 in neonates and 1.5:1 in adults 
(Answer D) and is thought to be secondary to the greater O

2
 

requirement and metabolic rate in neonates and subsequent 
three times greater Va in neonates compared to adults.

K E Y FAC T S

• In adults, the rate of increase in FA/FI is inversely 
related to changes present in CO.

• In infants this relationship is the opposite, likely due to 
the increased percentage of cardiac output distributed to 
the vessel-rich group of organs (18% of total body weight 
compared to 8% in adults).
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15 .  A N S W E R :  D

The presence of intracardiac shunting affects the uptake and 
distribution of potent inhalational agents. Computer mod-
els have been designed to evaluate the potential changes in 
inhalational induction times in patients with both right-to-
left and left-to-right shunts. The results show that induc-
tion of anesthesia using inhaled agents is slowed by the 
presence of central right-to-left shunts, slowed less by 
mixed shunts, and changed little by pure left-to-right 
shunts, with the magnitude of the changes proportional 
to the size of the shunt. It is important to note that this 

was a computer model assuming a constant cardiac output. 
The results of this model also showed that the effects are 
greatest for the least soluble gases (i.e., nitrous oxide); more 
soluble gases are less affected. Animal models have also 
shown the same increase in time for inhalational induction 
in those with right-to-left shunts, but unfortunately stud-
ies in children with right-to-left shunts are not available. In 
practice it appears that inhalational induction in patients 
with right-to-left shunts are slower, but this is typically not 
a marked increase. The physiology behind this increase in 
time can be explained by dilution of deoxygenated venous 
return to the right side of the heart shunting to the left side 
of the heart without exposure to alveolar gas and inhaled 
anesthetics. Once this shunted blood mixes with the alveo-
lar blood that has returned through the pulmonary venous 
circulation to be ejected systemically, the partial pressure 
of inhaled anesthetic is diluted, slowing the distribution 
and increase in tissue levels of anesthetic. In a patient with 
Tetralogy of Fallot a right-to-left shunt is present due to the 
obstruction to pulmonary blood flow and VSD.

The Qp:Qs ratio describes the amount of blood flowing 
through the pulmonary circuit in relation to the amount of 
blood flowing through the systemic circulation. This ratio 
is typically 1:1 under normal circumstances, and in lesions 
with left-to-right shunting the value becomes greater than 
1; conversely, in lesions with right-to-left shunting the 
value becomes less than 1 as more blood is being circulated 
through the systemic circuit rather than the pulmonary 
circuit. The following equation shows how Qp:Qs is calcu-
lated (simplified formula):

Qp/Qs=
SAO saturation MVO saturation

PVO saturation PAO satu
2

2

−

−

2

2 rration

In a patient with uncorrected Tetralogy of Fallot, the 
right-to-left shunting should lead to a Qp:Qs ratio less than 
1. The direct effect of inhaled anesthetics on Qp:Qs ratio 
appears to be limited. A study investigating sevoflurane, hal-
othane, isoflurane, and fentanyl/midazolam for anesthetic 
maintenance in patients with ASD and/or VSD did not 
appear to alter Qp:Qs ratios when given with 100% FiO

2
.

K E Y FAC T S

• Induction of anesthesia using inhaled agents is slowed 
by the presence of central right-to-left shunts, slowed less 
by mixed shunts, and changed little by pure left-to-right 
shunts.

• The effects are greatest for the least soluble gases (i.e., 
nitrous oxide).

• The Qp:Qs ratio is typically 1:1 under normal 
circumstances, greater than 1 in left-to-right shunts, and 
less than 1 in right-to-left shunts.
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16 .  A N S W E R :  D

Laryngeal mask airways (LMAs) are typically not asso-
ciated with significant problems caused by mechanical 
trauma. The placement of these devices is simple, easily 
learned, and associated with a high success rate even by 
inexperienced operators. No muscle relation is required, 
nor is any means of direct visualization. The introduc-
tion of LMAs changed clinical practice of anesthesiology, 
allowing for a rescue tool to be immediately available in 
situations where mask ventilation and intubation prove 
difficult or impossible. This is of particular utility in the 
pediatric population, where craniofacial anomalies may 
limit the ability to safely perform and accomplish postin-
duction direct laryngoscopy in patients with syndromes 
such as Pierre-Robin, Treacher Collins, or Goldenhar. The 
LMA can be used to facilitate fiberoptic bronchoscope 
placement along with endotracheal intubation through 
the larger lumen of the LMA. Studies evaluating the 
complications from LMA placement have shown that the 
incidence of sore throat is as common as with endotra-
cheal intubation, correlating to LMA intracuff pres-
sures above 40  cm H

2
O. Other possible complications 

from LMA placement can include nerve injury to lingual, 
hypoglossal, or recurrent laryngeal nerves with possible 
decreased incidence through the monitoring of LMA cuff 
pressures. Rarely are LMAs associated with mechanical 
trauma to the tracheal mucosa or vocal cords, based pri-
marily on their more cephalad position compared to an 
endotracheal tube, allowing more frequent repetitive use 
over short time periods with minimal risk of developing 
postanesthetic croup or subglottic stenosis (LMAs are 
supraglottic devices).

Confirmation of correct position using a fiberoptic 
bronchoscope (Answer A) does not ensure that pressure 
injuries are occurring due to excessive LMA cuff pressure, 
which optimally should be less than 40 cm H

2
O.

Removal of all air prior to placement in the oropharynx 
(Answer B) may aid in the placement of the LMA, as air 
placement into the LMA cuff should occur following inser-
tion and can give some feedback as to proper seating, but 
again it will not alter the likelihood of developing pressure 
injuries. Adequate jaw thrust during placement (Answer 
C) may aid in placement and proper seating of the LMA, 
but this has not been associated with decreased risk of 
complications.

K E Y FAC T S

• The incidence of sore throat with LMA placement is as 
common as with endotracheal intubation, correlating to 
LMA intracuff pressures above 40 cm H

2
O.

• Other possible complications from LMA placement can 
include nerve injury to lingual, hypoglossal, or recurrent 
laryngeal nerves.
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17.  A N S W E R :  B

Fiberoptic intubation using a bronchoscope still remains 
the gold standard for endotracheal intubation in a difficult 
situation. Direct visualization within the naso or orophar-
ynx down to the glottic opening is possible with either use 
of the eyepiece or connected video equipment. The utility 
of the bronchoscope is vast, spanning from awake/sedated 
oral/nasal intubations in known difficult airways to asleep 
intubations, through again either the oral/nasal route with 
or without use of an LMA as an entry conduit. One chal-
lenge that can be faced despite adequate visualization of the 
glottic opening and entry into the trachea with the bron-
choscope is significant resistance upon attempting to pass 
the ETT over the presumably appropriately located bron-
choscope. This was evaluated and discussed in a 1992 paper 
when intubating mannequins to model the human airway 
and intubation both orally and nasally was attempted using 
a fiberoptic bronchoscope. The findings suggested that in a 
majority of cases when resistance was encountered during 
oral fiberoptic intubation, the point of obstruction was the 
distal end of the ETT bevel being caught on the right 
arytenoid despite correct placement of the bronchoscope 
in the trachea (see Fig. 23.1a). The proposed solution to 
minimize this complication is to place the ETT bevel fac-
ing down when performing orotracheal fiberoptic intuba-
tion (Answers B and C). Nasotracheal intubation showed 
that the obstruction encountered was the tip of the ETT 
being caught on the epiglottis (see Fig. 23.1b). The proposed 
solution for minimizing this complication is to place the 
bevel facing up during nasotracheal fiberoptic intuba-
tion (this can be accomplished by rotating the ETT 90 
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degrees clockwise from its usual orientation). Other means 
of troubleshooting if resistance is still encountered include 
rotating the ETT 90 to 180 degrees. A mnemonic proposed 
by Katsnelson T et al. is “UNDO”: bevel UP for NASAL 
intubation; bevel DOWN for ORAL intubation.

An appropriately sized ETT should always be chosen 
(Answer A) as if there is no mechanical obstruction from 
the tip of the ETT; it should fit appropriately through the 
glottis and past the cricoid cartilage into the trachea. Using 
an uncuffed ETT (Answer D) would not matter; when the 
cuff itself is appropriately deflated, it should not cause sig-
nificant resistance during fiberoptic intubation.

K E Y FAC T S

• In oral fiberoptic intubation, the point of obstruction 
was the distal end of the ETT bevel being caught on the 
right arytenoid, and the proposed solution to minimize 
this complication is to place the ETT bevel facing down.

• In nasal fiberoptic intubation, the obstruction 
encountered was the tip of the ETT being caught on the 
epiglottis, and the proposed solution to minimize this 
complication is to place the ETT bevel facing up.
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18 .  A N S W E R :  C

GlideScope Cobalt® video laryngoscope (GCV; Verathon 
Medical, Bothell, WA) is a video laryngoscope designed 
for use in children consisting of a flexible camera baton 
inserted into a disposable plastic curved blade producing a 
high-resolution image from the camera on a portable moni-
tor. This video laryngoscope has been useful in teaching 
novice laryngoscopists and in situations where difficulty 
with standard direct laryngoscopy may be presumed or 
actually is difficult. The GlideScope allows for a wider view 
angle and renders alignment of the oral, pharyngeal, and 
tracheal axes unnecessary. Most studies to date involving 
the video laryngoscopes have evaluated manikins or older 
children. Two randomized large trials in adult patients pro-
vided evidence that GlideScope laryngoscopy confers equal 
or superior glottic view compared to direct laryngoscopy 
using a Macintosh blade.

One study among the pediatric population involved 
patients less than 10 years old, ASA Physical Status I-III, 

(A)

(B)

figure 23.1 (A) Common location of obstruction and resistance when 
performing oral fiberoptic intubation found to occur when ETT 
bevel is caught on the right arytenoid. Maneuver to minimize this 
complication is to place the ETT bevel facing downward during 
orotracheal intubation. (B) Common location of obstruction and 
resistance when performing nasal fiberoptic intubation found 
to occur when the tip of the ETT is caught on the epiglottis. 
Maneuver to minimize this complication is to place the ETT bevel 
facing upward during nasotracheal intubation. (Reprinted with 
permission from: Katsnelson T, Frost EA, Farcon E, Goldiner PL. 
When the endotracheal tube will not pass over the flexible fiberoptic 
bronchoscope. Anesthesiology. 1992;76:151–2.)
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who were not at increased risk of pulmonary aspiration, 
expected difficult airway, or history of GERD. A  total 
of 60 patients aged 7  months to 10  years were included 
and were randomly assigned to the Macintosh or the 
GlideScope group, and every anesthesiologist involved 
in this study had an experience of at least 100 pediatric 
Macintosh endotracheal intubations and 20 pediatric 
GlideScope intubations. Results showed that demographic 
and airway characteristics by measurement were not sta-
tistically different between the groups and GlideScope 
intubation time was (14 ± 5 seconds), not different from 
Macintosh intubation time (13 ± 5 seconds). Authors of 
this study suggested that the GlideScope video laryngo-
scope is equally suitable to facilitate orotracheal intuba-
tion in pediatric patients (but not specifically neonates 
and infants) compared to the Macintosh laryngoscope 
with respect to intubation time.

An additional study performed in neonates and 
infants compared the GlideScope Cobalt® video laryn-
goscope (GCV) with direct laryngoscopy (DL) using a 
Miller blade in anatomically normal neonates and infants 
(<12 months in age). Sixty patients less than 12 months in 
age undergoing elective surgery were randomly assigned 
to the GlideScope or DL; data collected included intuba-
tion time, time to best view, percentage of glottic opening 
score, and intubation success. A definition of statistically 
significant differences in intubation time was classified as 
10 seconds. Results showed no difference in overall intuba-
tion time between the groups (defined an intubation time 
difference of less than 10 seconds); GCV median = 22.6 
seconds; DL median  =  21.4 seconds; P  =  0.24. GCV 
yielded faster time to best view (median = 8.1 seconds; DL 
9.9 seconds; P  =  0.03). It is important to note, however, 
that endotracheal tube passage time was longer for GCV 
(median = 14.3 seconds; DL 8.5 seconds; P = 0.007). The 
percentage of glottic opening score was improved with 
GCV (median 100; DL 80; P < 0.0001). Results from this 
population suggest that similar overall intubation times 
and success rates were achieved in anatomically normal 
neonates and infants; however, successful passage of ETT 
took longer among the GCV group and could be a cause 
for concern in populations where an adequate glottic view 
can be obtained but significant difficulty placing the ETT 
is encountered.

K E Y FAC T S

• The GlideScope allows for a wider view angle (equal or 
superior glottic view compared to direct laryngoscopy 
using a Macintosh blade) and renders alignment of the 
oral, pharyngeal, and tracheal axes unnecessary.

• Studies comparing the use of the GlideScope with 
either the Macintosh or Miller blade for direct 
laryngoscopy suggest similar overall intubation times 
and success rates.
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19.  A N S W E R :  D

The management of pediatric difficult airway can be quite 
stressful in those who are not comfortable in the regular 
management of the pediatric airway. As in adults, a stepwise 
approach to managing this situation should be present in all 
practitioners’ minds when caring for pediatric patients. The 
American Society of Anesthesiologists (ASA) has a widely 
accepted algorithm (see Fig. 23.2) for the management of 
known and unanticipated difficult airways. The first branch 
point in this algorithm after failed intubation is whether 
or not mask ventilation is possible; if mask ventilation is 
not possible, the next step is placement of a supraglottic 
device (SGA), such as an LMA. If mask ventilation is pos-
sible, there is consideration of using alternative approaches 
to intubation, such as video-assisted laryngoscopy, alterna-
tive laryngoscope blades, SGA (e.g., LMA or ILMA) as an 
intubation conduit (with or without fiberoptic guidance), 
fiberoptic intubation, intubating stylet or tube changer, 
light wand, and blind oral or nasal intubation.

In the suggested management of difficult intubation of a 
pediatric patient (according to the Difficult Airway Society), 
there are subtle differences between the adult ASA algorithm. 
As in adults, the first step following difficult attempted laryn-
goscopy is to insert a supraglottic device (SGA) such as an 
LMA. It is recommended that no more than four attempts 
be done via direct laryngoscopy; and if a poor view is pres-
ent, one should consider a bougie, video laryngoscope, or 
smaller ETT. Attempted placement of an SGA is not rec-
ommended for more than three attempts. If placement of 
an SGA is not successful, it is then recommended to convert 
back to face mask ventilation utilizing two providers with 
additional adjuncts as needed, including nasal or oral airways 
and/or CPAP. If mask ventilation proceeds to be difficult, 
another algorithm addressing a “Cannot Intubate Cannot 
Ventilate” (CICV) situation is proposed, which is available 
from the Difficult Airway Society.

Two-hand mask ventilation (Answer A) is the third step 
in the proposed algorithm after attempted placement of a 
SGA. Video-assisted laryngoscopy (Answer B) is the first 
step in the algorithm for intubation as long as intubation 
attempts, all inclusive, are kept to fewer than four total 
attempts. Fiberoptic intubation (Answer D) is not recom-
mended in the algorithm outside of fiberoptic intubation 
through a SGA once oxygenation/ventilation is confirmed 
through that device (see Fig. 23.3).
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2 0 .  A N S W E R :  A

There has been increasing interest in using desflurane in the 
outpatient surgical setting due to its pharmacokinetic prop-
erties. Studies have evaluated its use in the adult population 
when an LMA is used for airway management, but limited 
data were available for the pediatric population prior to a 
study published in 2010. This study evaluated postoperative 
airway responses in children where either mask ventilation 
or placement of an LMA was used for airway management 
(chosen by the provider), desflurane or isoflurane was used 
as the maintenance anesthetic chosen in a randomized 

fashion (with 3:1 ratio of desflurane to isoflurane), and 
extubation was chosen by the provider to be done in either 
a deep plane of anesthesia or when the child was completely 
awake. Those included in this study were between 2 and 
16  years old and did not have a recent history of upper 
respiratory infection or significant history of reactive air-
way disease. Results showed that 90% of children received 
an LMA with a frequency of major airway events after des-
flurane (9%) similar to that after isoflurane (4%), although 
the frequency of major events after the LMA was removed 
during deep desflurane anesthesia (15%) was greater than 
during awake removal (5%) (P < 0.006) and during deep 
isoflurane removal (2%) (NNH 8) (P < 0.03) (Answer B). 
The frequency of airway events of any severity after desflu-
rane was greater than that after isoflurane (39% vs. 27%) 
(P < 0.05). The frequencies of laryngospasm and coughing 
of any severity after desflurane were greater than those after 
isoflurane.

The pathogenesis of desf lurane-induced airway irri-
tability in children is poorly understood. Explanations 
for these findings include the fact that the presence of 
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figure 23.2 ASA algorithm for management of difficult airway. (Reproduced from Apfelbaum JL, Hagberg CA, Caplan RA, et al. Practice 
guidelines for management of the difficult airway: an updated report by the American Society of Anesthesiologists Task Force on Management of 
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an LMA may shield the glottic aperture and airway 
from saliva and blood in the mouth until it is removed 
during deep anesthesia, after which residual f luids may 
gravitate toward the larynx and trigger an airway ref lex. 
Also it is possible that the depth of desf lurane anesthesia 
at the time of removing the LMA was insufficient to pre-
vent airway ref lex responses. The authors felt this could 
be a problem since the ED95 for removing an LMA 
safely during deep desf lurane anesthesia is unknown, 
but during deep anesthesia removal of an endotracheal 
tube during both sevoflurane and desf lurane anesthetics, 
the ED95 was 0.8–0.9 MAC, which was accomplished 
during this study. Using 1 MAC desf lurane in adults 
has not been shown to alter airway resistance after place-
ment of an endotracheal tube, but with increased levels 
up to 2 MAC significant increases in airway resistance 
have been seen, in contrast to decreased airway resis-
tance seen with both 1 and 2 MAC sevoflurane. This 
could explain the incidence of bronchospasm during 
the use of desf lurane and an LMA but does not explain 
the more common finding in this study of coughing and 
laryngospasm following the use of desf lurane, and in 

particular following removal during a deep plane of des-
f lurane anesthesia.

Abdominal surgery (Answer C) was not identified as an 
independent risk factor seen during this study. Concomitant 
use of opioids (Answer D) should actually decrease risk of 
adverse events related to airway hyperreactivity as long as 
apnea or significant depression of respiratory drive is not 
also present.

K E Y FAC T S

• The frequency of airway events with deep LMA removal 
after desflurane use is greater than that after isoflurane.

• The pathogenesis of desflurane-induced airway 
irritability in children is poorly understood. 
Explanations for these findings include the fact that 
the presence of an LMA may shield the glottic aperture 
and airway from saliva and blood in the mouth until it 
is removed during deep anesthesia, after which residual 
fluids may gravitate toward the larynx and trigger an 
airway reflex.

figure 23.3 Unanticipated difficult tracheal intubation during routine induction of anesthesia in a child aged 1 to 8 years. (Reproduced with 
permission from Henderson JJ, Popat MT, Latto IP, Pearce AC. Difficult Airway Society guidelines for management of the unanticipated 
difficult intubation. Anaesthesia. 2004; 59: 675–94, with permission from Blackwell Publishing Ltd.)
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21.  A N S W E R :  D

The Pediatric Perioperative Cardiac Arrest (POCA) 
Registry was founded in 1994. It consisted of a network of 
both academic and nonacademic institutions that would 
voluntarily enroll their institution to collect data regarding 
cardiac arrests occurring in patients <18  years old during 
the perioperative period. The data collected from each insti-
tution were submitted anonymously to the POCA Registry 
review committee, who classified the arrests as anesthesia 
related, non anesthesia related, or unknown, and the first set 
of their findings was published in Anesthesiology in 2000, 
representing findings from 1994 to 1997. The data showed 
289 arrests from 63 North American institutions (75% 
university-affiliated institutions, 40% children’s hospitals), 
with 150 (52%) of those arrests being deemed anesthesia 
related. The most common cause of anesthesia-related 
cardiac arrests in this study was medication-related 
causes, with halothane being the most commonly involved 
in these arrests. Halothane was involved in 71% of 
medication-related arrests and in 64% of ASA 1–2 patients. 
During this time halothane was the preferred agent for 
inhalational induction with sevoflurane only starting to 
become more commonly used. These findings showed 
that in situations where halothane was involved, two addi-
tional factors were also associated with increased risk of 
halothane-related cardiac arrest:  ventilation type and dif-
ficult IV placement. The explanation of this can be simply 
described as increased exposure to potentially much 
higher concentrations of halothane for longer periods 
of time in the peri-induction period (both during inhala-
tional spontaneously breathing inductions or IV inductions 
followed by halothane administration), leading to greater 
likelihood of cardiovascular depression and possible car-
diac arrest. During controlled ventilation the normal physi-
ologic safety mechanism of decreased respiratory rate with 
increased blood partial pressure of halothane is lost, sug-
gesting why this mode of ventilation was likely an addi-
tional risk factor to cardiac arrest when using halothane.

Additional evaluations of the registry in the decade 
following showed decreased use of halothane and subse-
quently decreased frequency of medication-related car-
diac arrests (when deemed anesthesia related). Data from 
the 2007 evaluation of the registry showed cardiovascular 
causes to be the most common factor being associated with 
deemed anesthesia-related cardiac arrests. In particular, 
hypovolemia and hyperkalemia were the two most common 

etiologies within this subgroup, particularly during spinal 
fusion surgery and craniotomy/craniectomy procedures.

Anesthesia provider experience and nonacademic 
institutions (Answers A  and B) were not shown to be or 
studied as an independent factor in the initial evaluations. 
Concomitant administration of succinylcholine (Answer 
C) could be a possible cause of increased complications if 
hyperkalemia or bradycardia were to occur, but this was not 
shown to be as great of a risk factor as controlled ventilation.

K E Y FAC T S

• The most common cause of anesthesia-related cardiac 
arrests in the POCA study was medication-related 
causes, with halothane being the most commonly 
involved in these arrests.

• During controlled ventilation, the normal physiologic 
safety mechanism of decreased respiratory rate with 
increased blood partial pressure of halothane is lost, 
making it an additional risk factor to cardiac arrest 
when using halothane.

• Recent data show cardiovascular causes to be the most 
common factor associated with anesthesia-related 
cardiac arrests, with hypovolemia and hyperkalemia 
being the two most common etiologies.
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22 .  A N S W E R :  D

Klippel Feil syndrome is characterized by congenital 
fusion of any two of the seven cervical vertebrae, result-
ing in shortness of the neck, restricted neck movements, and 
low posterior hairline. Other features included in the syn-
drome are congenital heart defect (e.g., ventricular septal 
defect) and hearing loss. The estimated incidence of this 
disease is approximately 1:42,000 live births, with females 
accounting for ~65%; most cases are sporadic in nature but 
autosomal dominant and autosomal recessive inheritance 
does occur. The cervical vertebral abnormalities occur due 
to failure of normal segmentation of cervical somites dur-
ing the third and eighth week of gestation, resulting in the 
associated primary or secondary neurologic deficits.

Four subtypes have been described:

• Type I: Extensive cervical and upper thoracic 
spinal fusion
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• Type II: One to two interspace fusions often associated 
with occipitoatlantal fusion and hemivertebrae

• Type III: Coexisting fusion in the lower thoracic or 
lumbar spine

• Type IV: Klippel-Feil anomaly associated with sacral 
agenesis

Diagnosis is made of flexion extension plain X-ray films 
and should be followed at least annually. The spine abnor-
malities in the form of hypermobility or spondylosis 
places these patients at higher risk for spinal cord injury 
with minor trauma.

The classic triad consists of short neck, restriction of 
neck movement, and low posterior hairline. Neck restric-
tion is the most common finding and is present in approxi-
mately 50% of cases, with the neck actually appearing 
normal and often going unrecognized until later in life. 
Patients often present with neurologic deficit that occurs 
either spontaneously or as the result of minor trauma. 
Syncopal episodes can also occur with sudden move-
ments of the neck. Associated skeletal anomalies include 
skeletal:  cervical vertebral fusion, hemivertebrae, sacral 
agenesis, scoliosis (up to 60% of cases), spinal canal steno-
sis, and torticollis. Other findings include webbed neck, 
Sprengel deformity (small and elevated scapula), genitouri-
nary abnormalities, congenital heart disease (particularly 
VSD), deafness, synkinesia (mirror movements), and rarely 
hemiplegia or paraplegia. Cleft palates are also common 
with malformation of laryngeal cartilage and mild to severe 
vocal cord paresis.

Anesthetic considerations in this population include 
proper preoperative evaluation to assess the degree of 
instability (flexion-extension neck films), and in the 
clinical scenario described here there is evidence of cervi-
cal radiculopathy or myelopathy based on her subjective 
description of symptoms. Assessment and documentation 
of neurological function or preexisting abnormalities 
should occur. Careful evaluation of the airway should be 
performed and difficult intubation should be anticipated. 
There is a high risk of cervical instability and patients 
are at risk for spinal cord injury during direct laryngos-
copy, tracheal intubation, and positioning. The utmost 
care should be taken to protect from injury to the cervical 
spine, including inline stabilization and or asleep/awake 
fiberoptic intubation. Emergence should be done with 
the patient in stabilization, and extubation should occur 
in a fully awake patient.

Clinical exam findings are not suggestive of Marfan 
syndrome (Answer A); however, aortic dissection is a risk 
factor with this population.

Oculopharyngeal muscular dystrophy (Answer B) is a 
disease that affects almost exclusively males. However, sco-
liosis is a feature of this disease, along with the possibility of 
rhabdomyolysis with administration of volatile anesthetics.

Heterotaxy syndrome (Answer C) can present with 
conduction defects; however, the clinical description is 
more suggestive of Klippel-Feil syndrome.

K E Y FAC T S

• Klippel-Feil syndrome is characterized by congenital 
fusion of any two of the seven cervical vertebrae, 
resulting in shortness of the neck, restricted neck 
movements, and low posterior hairline.

• There is a high risk of cervical instability and patients are 
at risk for spinal cord injury during direct laryngoscopy, 
tracheal intubation, and positioning.
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23 .  A N S W E R :  B

Treacher Collins syndrome is a syndrome caused by 
dysmorphogenesis of the first and second embryonal 
branchial arch systems. It has an autosomal dominant 
transmission with high penetrance and variable expressiv-
ity; the protein defect responsible for these abnormalities 
is called Treacle and affects approximately 1:50,000 live 
births. The diagnosis can be made prenatally by the 20th 
week by ultrasound and by molecular biology on chorionic 
villus sampling.

The clinical diagnosis is based on features including the 
following:

Eyes: Antimongoloid obliquity of palpebral fissures, 
coloboma of outer portion of lower lids, with a 
deficiency of cilia, absence of the lower lacrimal points, 
microphthalmia, vision loss, strabismus, partial absence 
of lower eyelashes, and nystagmus

Facies: Flattening of the cheeks, malar hypoplasia, 
hypoplastic zygomatic arches, antimongoloid slant, 
lower eyelid coloboma, and choanal atresia

Ears: Atresia of external auditory meatus, microtia, 
malpositioning or maldevelopment of the pinna, and 
conductive hearing loss
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Mouth: Cleft palate, mandibular hypoplasia, 
macrostomia, and absence of parotid gland

Miscellaneous: Cardiovascular defects, cervical 
vertebral malformations, renal anomalies, limb 
malformations, early failure to thrive, learning 
disabilities in early life, chronic respiratory 
insufficiency, sleep apnea syndrome, and sudden death

Severe airway obstruction can be seen during the 
anesthetic period in these patients, and many must assume 
positions such as lateral decubitus or prone to prevent air-
way obstruction. Often a tracheostomy will be required in 
the perioperative and eventual long-term management of 
these patients.

Mask ventilation and tracheal intubation are clas-
sically difficult and have been reported to increase in 
severity over time, particularly due to increasing basilar 
kyphosis of the cranial base, with airway management 
being difficult at all ages due to high-arched palate and 
mandibular hypoplasia. It is of the utmost importance to 
maintain spontaneous ventilation in these patients dur-
ing the induction of anesthesia, with multiple choices avail-
able for securing the airway, including sedated fiberoptic 
intubation, LMA placement, video laryngoscope, or even 
awake tracheostomy. In patients with Treacher Collins syn-
drome not undergoing airway or craniofacial surgery, it is 
critical to monitor for evidence of airway obstruction 
postoperatively, and often these patients may be unsuit-
able for day surgery procedures. These patients often require 
extensive facial reconstruction and multiple procedures 
on the orbital, zygomatic, ears, and mandible throughout 
their lives.

Hypoplastic zygomatic arches (Answer A) is a feature 
of Treacher Collins syndrome; however, it is not typically 
thought to be a common cause of difficulty with airway 
management.

Patients with Treacher Collins syndrome can often 
have associated cleft palate (Answer C); however, this is 
the result of mandibular hypoplasia and tongue displace-
ment in utero. Postnatally both of these features can lead 
to difficult airway management rather than the cleft pal-
ate itself.

Glossoptosis (Answer D) can also be seen in Treacher 
Collins syndrome; however, increasing tongue size with age 
is typically not a feature of this syndrome.

K E Y FAC T S

• Severe airway obstruction can be seen during the 
anesthetic period in these patients.

• Mask ventilation and tracheal intubation are classically 
difficult.

• It is important to maintain spontaneous ventilation in 
these patients during the induction of anesthesia.
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2 4 .  A N S W E R :  C

One-lung ventilation (OLV) can be achieved by mul-
tiple means; typically, the limiting factor is the size of 
the patient and the desired location of lung isolation. 
Various values are used to define appropriate sizing of 
airway devices for specific patients, and multiple means 
of achieving lung isolation can be achieved using endotra-
cheal tubes, Fogarty catheters, bronchial blockers (both 
intra and extraluminal of the ETT), and double-lumen 
ETT. When performing a left thoracotomy with desired 
lung isolation, a bronchial blocker can typically be placed 
intraluminally if the ETT selected for the patient is of 
adequate size (often recommended >4.0) in order to not 
impede entrance or egress of gas from the lungs. Once the 
ETT is placed and confirmed above the carina, a bron-
chial blocker is placed under direct visualization into the 
left mainstem bronchus with care to avoid going too dis-
tal and either occluding the left upper lobe takeoff or not 
completely obstructing it, leading to failure of collapse of 
the left upper lobe. After positioning and during any con-
cern of either ventilation or oxygenation of the patient, 
the position of the bronchial blocker and ETT should be 
confirmed, ideally under bronchoscopy.

Troubleshooting bronchial blockers intraoperatively 
should be done using clear communication with the sur-
geons. If ventilation or oxygenation is compromised one 
should first ensure that 100% FiO

2
 is being delivered, 

then evaluate the surgical field; if the patient is stable, pro-
ceed to bronchoscopy. If the patient is unstable, and the 
surgeon is not at a critical point in the operation, the bron-
chial blocker can be deflated, manual ventilation should 
commence, and one should ensure that gas exchange is 
occurring through both lungs. In the scenario described 
here the decrease in tidal volumes and oxygen desaturation 
suggests some sort of ETT and/or bronchial blocker mal-
position, particularly if this is an abrupt change to a previ-
ously stable patient. Surgical manipulation of the lungs and 
operative field can often be the cause of bronchial blocker 
movement and gas exchange problems. When selectively 
ventilating the right lung (or nonoperative side in this ques-
tion) and tidal volumes decrease, the most likely etiologies 
are either bronchial blocker migration into the trachea or 
migration of the ETT into the left mainstem bronchus, 
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both of which would significantly limit your gas delivery to 
the nonoperative right lung.

If there was migration of bronchial blocker beyond the 
left upper lobe takeoff (Answer A), it would make it dif-
ficult for the left upper lobe to collapse, but it should not 
drastically decrease your tidal volumes or cause significant 
hypoxemia. It would more likely cause a less optimal surgi-
cal field due to an uncollapsed left upper lobe.

Deflation of the bronchial blocker (Answer B) would 
likely cause the lung on the operative side to either not 
collapse or re-expand during the operation. It would not 
be likely to cause a decrease in tidal volumes, but it would 
more likely cause an increase in tidal volume if pressure 
control ventilation was being used. SaO

2
 would improve in 

this situation as well.
Migration of the ETT into the right mainstem bron-

chus (Answer D) would be unlikely to cause any signifi-
cant change in tidal volumes or oxygen saturation unless 
the ETT migrated beyond the right upper lobe takeoff, at 
which point you would not be oxygenating that portion of 
the lung as well. It could cause a small decrease in tidal vol-
umes as well, but not as drastic as the ETT migrating down 
the mainstem bronchus of the operative lung.

references

Slinger P, Campos JH. “Anesthesia for Thoracic Surgery” in Miller 
RD, Eriksson LI, Fleisher LA, Wiener-Kronish JP, Young WL, eds. 
Miller’s Anesthesia. 7th ed. Philadelphia, PA: Churchill Livingstone 
Elsevier; 2010:1840, 1846–53.

Prabhu MR, Smith JH. Use of the Arndt wireguided endobronchial 
blocker. Anesthesiology. 2002;97:1325.

25 .  A N S W E R :  A

One-lung ventilation can be achieved by many different 
means. In young pediatric patients the decision is often lim-
ited by patient size and airway dimensions. Most patients 
under 25 kg are unlikely to accommodate a double-lumen 
tube for selective lung isolation and are typically managed 
using a mainstem bronchial intubation with a cuffed ETT, 
a Fogarty catheter, or a bronchial blocker. In this case it is 
desired to selectively isolate the right lung in order to ade-
quately expose and surgically remove the right upper lobe of 
the lung. Placing a bronchial blocker in the right mainstem 
bronchus can be challenging when trying to ensure a good 
seal along with adequate deflation of the right upper lobe. 
Due to the anatomy and rather abrupt takeoff of the right 
upper lobe from the right mainstem bronchus (in some sit-
uations the right upper lobe even coming directly off the 
trachea itself), the lumen of the right upper lobe can be par-
tially or completely occluding during placement of a bron-
chial blocker in the right mainstem bronchus. If there is a 
partial occlusion of the right upper lobe, it will be unlikely 
to deflate, leading to surgical exposure challenges.

In the case described here, there is abrupt inflation of 
the lung following surgical stapling, suggesting that some-
how lung isolation was lost. There have been reports of 
the bronchial blocker or the distal wire loop of an Arndt 
blocker being incorporated into the surgical suture line dur-
ing right upper lobectomy, requiring surgical reexploration 
after removal of the bronchial blocker after extubation. It 
is possible to minimize the chance of this happening with 
close communication during the operation with the surgi-
cal team in regard to where the bronchial blocker is located, 
and paying close attention to the stage of the operation, 
particularly in the presence of a bronchial blocker on the 
surgical side. Pulling back the bronchial blocker a few centi-
meters prior to surgical stapling will also help minimize the 
chance of this happening during the operation. An addi-
tional situation that can lead to acute decompensation in 
the setting of a bronchial blocker is if the inflated balloon 
moves out of its position in either mainstem bronchus into 
the trachea above the carina, leading to partial or complete 
obstruction and subsequent inability to ventilate, hypoxia, 
and potential cardiac arrest. In the event of any of these 
concerns with a bronchial blocker in place, typically the saf-
est maneuver is to deflate the bronchial blocker and reas-
sess the ventilation and oxygenation of the patient during 
two-lung ventilation.

Displacement of the inflated bronchial blocker into the 
trachea (Answer B) would cause difficulty in ventilation 
and oxygenation, and it would likely cause both the surgical 
and nonsurgical lungs to become deflated in the setting of 
partial or complete obstruction.

Distal advancement of the bronchial blocker into bron-
chus intermedius (Answer C) could lead to reinflation of 
the right upper lobe but would be unlikely to cause com-
plete re-expansion of the right lung as the middle and lower 
lobes would still be obstructed from flow and would be 
unlikely to re-inflate.

Advancement of the ETT into the left mainstem bron-
chus (Answer D) would simply be another way to achieve 
selective lung isolation without use of a bronchial blocker. 
In this situation, the right lung would likely remain com-
pletely deflated.
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24.
COMPLICATIONS OF A NESTHESI A

Andrew Infosino and Marla Ferschl

1. What is the path taken by the afferent and then the 
efferent limbs of the oculocardiac reflex?

A. Oculomotor nerve → ciliary nerves → ciliary 
ganglion → dorsal nucleus of vagus nerve → 

vagus nerve
B. Oculomotor nerve → ciliary nerves → ciliary 

ganglion → dorsal cardiac ganglion → cardiac nerve
C. Opthalmic nerve → ciliary cerves → ciliary 

ganglion → dorsal cardiac ganglion → dorsal 
nucleus of cardiac nerve → cardiac nerve

D. Trigeminal nerve → ciliary nerves → ciliary 
ganglion → trigeminal ganglion  → dorsal nucleus 
of vagus nerve → vagus nerve

2. A  3-year-old boy is undergoing bilateral strabis-
mus surgery. The boy was induced with sevoflurane, a 
peripheral intravenous (IV) catheter was introduced, 
and then a laryngeal mask airway (LMA) was placed. 
General anesthesia was maintained with inhaled sevo-
flurane and intravenous fentanyl. During the surgery, 
the heart rate suddenly drops to 32 beats per minute. 
What is the most important first step to treat this 
situation?

A. The ophthalmologist should remove traction on the 
extraocular muscles of the eye.

B. The anesthesiologist should treat with IV atropine.
C. The anesthesiologist should treat with IV 

epinephrine.
D. The opthalmologists should infiltrate the 

extraocular muscles of the eye with local 
anesthetic.

3. The most common cause of postintubation croup in 
infants and children is:

A. The use of a nasotracheal tube
B. The use of a cuffed endotracheal tube

C. The use of an endotracheal tube with a leak pressure 
greater than 40 cm H

2
O

D. Being intubated for more than 12 hours

4. A  2-year-old boy was intubated for abdominal sur-
gery that lasted about 4 hours. In the recovery room 
he was noted to have inspiratory stridor. The oxygen 
saturation is 95% on room air, his respiratory rate is 24 
breaths per minute, and he has mild nasal flaring. The 
best approach to treating the inspiratory stridor is:

A. Request a consult from otolaryngology and transfer 
to the floor.

B. Reintubate and transfer to the intensive care unit 
(ICU) for observation.

C. Treat with humidified oxygen and observe in the 
recovery room.

D. Administer racemic epinephrine and transfer to 
the ICU.

5. The best approach to preventing emergence delirium 
in children is:

A. Parental presence during the induction of anesthesia
B. Intraoperative administration of sevoflurane
C. Intraoperative administration of fentanyl
D. Parental presence in the recovery room

6. Preoperative anxiety in children is associated with 
which of the following postoperative outcomes?

A. Lower incidence and severity of postoperative anxiety
B. Higher severity of postoperative pain
C. Higher incidence of postintubation croup
D. Higher incidence of postoperative nausea and 

vomiting

7. A  12-year-old boy is having a general anesthetic for 
open reduction and internal fixation (ORIF) of an elbow 
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fracture. He was induced with rocuronium, propofol, 
and fentanyl and after intubation has been maintained 
on sevoflurane. Approximately 1 hour later the patient 
is tachycardic with a heart rate of 133 beats per minute, 
his end-tidal CO

2
 is 84 mm Hg, and his temperature is 

39°C. What is the best initial approach to treating this 
case of suspected malignant hyperthermia?

A. Swtich to another anesthesia machine and 
administer Dantrolene intravenously.

B. Discontinue inhaled sevoflurane and cool the patient 
with topical ice.

C. Discontinue inhaled sevoflurane and administer 
Dantrolene intravenously.

D. Administer IV sodium bicarbonate and cool the 
patient with topical ice.

8. An 8-year-old is undergoing an ORIF of a supracon-
dylar elbow fracture under sevoflurane anesthesia with 
an LMA. What is the most reliable early sign of malig-
nant hyperthermia?

A. Increased temperature
B. Cardiac arrhythmias
C. Tachycardia
D. Increased minute ventilation

9. A 14-year-old female patient is scheduled for an elective 
laparoscopic cholecystectomy for recurrent cholelithia-
sis. Her family history is significant for an uncle who died 
during surgery from presumed malignant hyperthermia. 
What is the best approach for her anesthetic care?

A. Postpone the case and send the patient for a 
halothane-caffeine contracture test under local 
anesthesia.

B. Premedicate with Dantrolene 2.5 mg/kg IV and 
proceed with general anesthesia with IV propofol, 
fentanyl, rocuronium, and ondansetron.

C. Premedicate with IV midazolam 2 mg and proceed 
with general anesthesia with IV propofol, fentanyl, 
rocuronium, and ondansetron.

D. Premedicate with Dantrolene 2.5 mg/kg IV and 
proceed with general anesthesia with IV ketamine, 
fentanyl, and ondansetron.

10. The most significant risk factor for laryngospasm is:

A. Male gender
B. Age <5 years
C. History of asthma or reactive airway disease
D. Household exposure to tobacco smoke

11. Perioperative cardiac arrest in infants and children 
occurs most commonly:

A. During the induction of anesthesia
B. Due to complications from central venous 

catheterization
C. In neonates undergoing cardiac surgery
D. Due to complications from laryngospasm

12. A  3-year-old boy is scheduled for general anesthe-
sia for surgery. During the inhalational induction with 
nitrous oxide, oxygen and sevoflurane face mask venti-
lation becomes difficult, the oxygen saturation drops 
from 99% to 41%, and the heart rate drops from 116 to 
48 beats per minute. You attempt positive-pressure ven-
tilation with bag and mask, but the oxygen saturation 
and heart rate continue to decrease. What is the best 
approach to treating this case of laryngospasm?

A. Place an LMA and ventilate with 100% oxygen.
B. Administer intramuscular rocuronium or 

succinylcholine and then provide positive-pressure 
face mask ventilation with 100% oxygen.

C. Proceed directly to laryngoscopy and intubation and 
then provide positive-pressure ventilation with 100% 
oxygen.

D. Proceed to place a peripheral IV catheter and then 
administer intravenous succinylcholine.

13. The most likely case of perioperative vision loss is 
due to:

A. Posterior ischemic optic neuropathy
B. Retinal artery occlusion
C. Cortical blindness
D. Posterior reversible encephalopathy syndrome

14. Which of the following is most likely associated 
with prolonged/permanent neuropathy due to patient 
positioning following a general anesthetic?

A. Loss of sensation to multiple nerve distributions
B. Loss of motor as well as sensory function on 

physical exam
C. Bilateral distribution of symptoms
D. Patient history of chronic pain

15. Which of the following patients is most likely to 
experience intraoperative awareness under anesthesia?

A. A child
B. An adult
C. A patient with a bispectral index monitor
D. An American Society of Anesthesiologists (ASA) 

physical status 1 patient

16. You are conducting an anesthetic on a 15-year-old 
boy who is undergoing a tonsillectomy. He is paralyzed. 
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Suddenly you notice that you forgot to turn the anes-
thetic vapor back on after turning it off prior to refilling 
it. The patient is tachycardia and hypertensive; end-tidal 
gas sampling measurements suggest he has about 0.5 
minimal alveolar concentration (MAC) of volatile anes-
thetic agent onboard. The most accurate way to assess 
the occurrence of awareness is:

A. Examine the patient for tearing.
B. Examine the patient for sweating.
C. Place a bispectral index (BIS) monitor and assess a 

numerical BIS score.
D. Conduct a standardized interview in the 

postanesthetic care unit (PACU).

17. Which of the following is a most likely cause of 
intraoperative hypotension due to decreased preload?

A. Sepsis
B. Anaphylactic reaction
C. Surgical bleeding
D. Adrenal insufficiency

18. While administering a general anesthetic to a 
15-year-old for a pheochromocytoma resection, the 
patient’s blood pressure acutely increases. The most 
appropriate drug to give in this situation is:

A. Esmolol
B. Nitroprusside
C. Phenoxybenzamine
D. Fentanyl

19. You are anesthetizing a 1-month-old baby for an eye 
exam under anesthesia. You suddenly notice that the 
patient develops a decreased heart rate and hypoten-
sion. Which of the following ophthalmic mediations is 
the most likely cause of the vital sign changes?

A. Pilocarpine
B. Scopolamine
C. Phenylepherine
D. Timolol

20. You are anesthetizing a 5-year-old patient for a tonsil-
lectomy when suddenly the patient develops urticaria and 
increased peak airway pressures several minutes after anti-
biotic administration. You are concerned about an anaphy-
lactic reaction. The laboratory test that will be most helpful 
in determining if this is a true anaphylactic reaction is:

A. Serum tryptase
B. Complete blood count with differential
C. Serum histamine
D. Serum kinin

21. Which of the following is most likely to predict 
severe anaphylaxis?

A. Rapid onset
B. Bronchospasm
C. Tachycardia
D. Cutaneous rash

22. You have administered a general endotracheal anes-
thetic for a patient undergoing dental restoration. After 
extubating the patient, you bring him to the PACU. In 
the PACU, you notice loud inspiratory stridor. Which 
of the following is the most common cause of inspira-
tory stridor in infants and children, unrelated to an 
anesthetic?

A. Underlying laryngomalacia
B. Tonsillar hypertrophy
C. Vocal cord injury
D. Airway foreign body

23. Which of the following infectious diseases is most 
likely to be transmitted by a blood transfusion?

A. Human immunodeficiency virus (HIV)
B. West Nile virus
C. Hepatitis C virus
D. Hepatitis B virus

24. Which of the following is a hallmark of 
transfusion-related acute lung injury (TRALI)?

A. Hypothermia
B. Low protein content of pulmonary edema fluid
C. Bilateral infiltrates on chest radiograph
D. Presence of left atrial hypertension

25. The most common complications of umbilical vein 
cannulation in the neonate is:

A. Increased intracranial pressure
B. Portal vein thrombosis
C. Endocarditis
D. Cirrhosis

26. You are anesthetizing a 5-month-old, 6 kg infant with 
craniosynostosis for a total cranial vault reconstruction. 
The child has a starting hematocrit of 38%. You plan to 
transfuse once the hematocrit drops to 25%. How much 
blood can the surgeon lose before you begin transfusing?

A. 100 mL
B. 130 mL
C. 160 mL
D. 200 mL
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27. You are anesthetizing a child for an exploratory lapa-
rotomy who has a history of an astrocytoma. The patient 
has been on chronic steroids. Which of the following is 
the most likely sign of an intraoperative adrenal crisis?

A. Hypernatremia
B. Hypertension
C. Hyperglycemia
D. Hyperkalemia
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chaPter 24 ansWers

1. ANSWER: D

The oculocardiac reflex consists of both an afferent limb 
that is trigeminal and an efferent limb that is vagal. 
Pressure on the globe, the conjunctiva, or other orbital 
structures or traction on the extraocular muscles trig-
gers afferent nerve impulses in the ophthalmic division 
of the trigeminal nerve, which is often referred to as V

1
. 

The afferent impulses then travel through the short ciliary 
nerves or the long ciliary nerves to the ciliary ganglion 
and then pass to the trigeminal or gasserian ganglion. 
The afferent impulses terminate in the main sensory 
nucleus of the trigeminal nerve located in the floor of the 
fourth ventricle.

The efferent limb originates in the dorsal nucleus of 
the vagus. The dorsal nucleus of the vagus is located in 
the central gray matter of the caudal medulla and is also on 
the floor of the fourth ventricle. The efferent impulse then 
travels via the vagus nerve to the sinoatrial and atrioven-
tricular nodes of the heart. The oculocardiac reflex tends to 
produce sinus bradycardia but can also produce a broad 
spectrum of dysrhythmias, including junctional rhythms, 
atrioventricular block, ventricular bigeminy, idioventricu-
lar rhythm, ventricular tachycardia, and asystole.

K E Y FAC T S

• Afferent limb: opthalmic division of trigeminal nerve 
→ short and long ciliary nerves → ciliary ganglion → 
trigeminal or gasserian ganglion → trigeminal nerve 
sensory nucleus

• Efferent limb: dorsal nucleus of vagus nerve → vagus 
nerve → sinoatrial and atrioventricular nodes of heart

• Results in bradycardia and other dysrhythmias, 
including junctional rhythms, atrioventricular 
block, ventricular, bigeminy, idioventricular rhythm, 
ventricular tachycardia, and asystole
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2 .  A N S W E R :  A

The oculocardiac reflex occurs most commonly with trac-
tion of the extraocular muscles during strabismus surgery. 
It occurs more commonly in younger patients. It can occur 
during any type of opthalmic surgery and even dur-
ing placement of regional anesthesia for the eye such as a 
retrobulbar block. Hypercarbia, hypoxia, and light 
anesthesia all increase the incidence and severity of the 
oculocardiac reflex. The oculocardiac reflex can occur in 
the awake patient who may also have symptoms of somno-
lence or nausea as well as bradycardia and dysrhythmias. 
The oculocardiac reflex can also occur from direct pressure 
on the orbital apex after enucleation.

The oculocardiac reflex should be treated by 
promptly removing the surgical stimulus, including 
all pressure on the eye and traction on eye muscles. In the 
majority of situations, this will be sufficient to treat the 
oculocardiac reflex. If this does not resolve the bradycardia 
or dysrhythmia, the oculocardica reflex can be treated with 
intravenous atropine or glycopyrolate. If the oculocar-
diac reflex recurs, it can be treated by providing a regional 
anesthetic for the eye or infiltrating the extraocular mus-
cles with local anesthesia.

The prophylactic use of intramuscular atropine does not 
reliably prevent the oculocardiac reflex.

K E Y FAC T S

• The oculocardica reflex is most commonly seen in young 
patients undergoing strabismus surgery. It can occur 
during any surgery to the eye or from placement of 
regional anesthesia to the eye.

• Initial treatment of the oculocardiac reflex is to stop 
the surgical stimulus. If the bradycardia or dysrhythmia 
persists, the patient should be treated with intravenous 
atropine or glycopyrolate. If the oculocardiac reflex 
recurs, regional or local anesthesia to the eye or 
extraocular muscles may be necessary. Ensuring the 
patient is not hypoxic or hypercarbic can also ameliorate 
the oculocardica reflex.

• Prophylactic intramuscular atropine does not prevent 
the oculocardiac reflex.

references

Gayer S, Palte H. Ophthalmology and otolaryngology. In:  Gayer S, 
PalteH, Miller RD, Pardo MC, eds. Basics of Anesthesia. 6th ed. 
Philadelphia, PA: Saunders Elsevier; 2011:487–8.

Justice LT, Valley RD, Bailey AG, Hauser MW, Anesthesia for ophthal-
mic surgery. In:  Davis PJ, Cladis FP, Motoyama EK, eds. Smith’s 
Anesthesia for Infants and Children. 8th ed. Philadelphia, PA: Mosby 
Elsevier; 2011:880–1.

McGoldrick KE, Gayer SI, Anesthesia for opthalmologic surgery. 
In: Barash PG, Cullen BF, Stoelting RK, Cahalan M, eds. Clinical 

 

 

 

 

 

 

 

 

 



614  •   clInIcal scIence of anesthesIa

Anesthesia. 6th ed. Philadelphia, PA:  Lippincott, Williams & 
Wilkins; 2009:1327.

Weaver RG Jr, JR Opthalmology. In:  Cote CJ, Lerman J, Todres 
ID, eds. A Practice of Anesthesia for Infants and Children. 4th ed. 
Philadephia, PA: Saunders Elsevier; 2009:691.

3 .  A N S W E R :  C

Postintubation croup occurs most commonly in 
children between the ages of 1 and 4 years. The most 
important risk factor for postintubation croup is using 
an endotracheal tube with a leak pressure >40 cm H

2
O. 

This can occur either with an uncuffed endotracheal 
tube that is too large or a cuffed endotracheal tube that 
is either too large or overinflated. The resulting mechan-
ical pressure on the tracheal mucosa can cause venous 
congestion and edema. The resulting edema can narrow 
the tracheal lumen significantly enough to cause inspira-
tory stridor.

Other risk factors include multiple intubation 
attempts, unusual positioning of the head during surgery 
usually involving rotation, increased duration of surgery, 
and procedures involving the upper airway such as rigid 
bronchoscopy. The use of cuffed endotracheal tubes has 
not been shown to increase the incidence of postintubation 
croup. The use of nasal intubation rather than oral intuba-
tion has also not been shown to increase the incidence of 
postintubation croup.

K E Y FAC T S

• Postintubation croup is the result of edema of the 
tracheal mucosa and is most commonly caused by an 
endotracheal tube that is too large or whose cuff is 
overinflated so that the leak pressure is >40 cm H

2
O.

• Postintubation croup is most commonly seen in children 
between the ages of 1 and 4 years.

• Risk factors for postintubation croup also include 
multiple intubation attempts, traumatic intubations, 
increased duration of surgery, surgical procedures 
involving the upper airway, and unusual positioning of 
the head during surgery.

• A history of a recent upper respiratory infection also 
increases incidence of postintubation croup.
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4 .  A N S W E R :  C

The treatment for postintubation croup depends on the 
degree of respiratory distress. Mild postintubation croup 
should be managed with the administration of humidi-
fied oxygen. Moderate cases should also be treated with 
aerosolized racemic epinephrine. If the patient’s symp-
toms do not resolve with humidified oxygen and racemic 
epinephrine and the patient is in severe respiratory dis-
tress, he or she may need to be reintubated with a smaller 
endotracheal tube.

Patients with postintubation croup should not be sent 
to the floor unless their symptoms have resolved. In gen-
eral, patients with mild postintubation croup can be man-
aged in the recovery room. Patients with severe respiratory 
distress that require multiple treatments with racemic epi-
nephrine or reintubation should be transferred to the ICU 
after being stabilized in the recovery room. Steroids such as 
dexamethasone can be a useful adjunctive therapy.

K E Y FAC T S

• Mild: humidified oxygen and observation in the 
recovery room

• Moderate: humidified oxygen in the recovery room, IV 
dexamethasone, aerosolized racemic epinephrine, and 
transfer to ICU

• Severe: humidified oxygen, IV dexamethasone, 
aerosolized racemic epinephrine, reintubation, and 
transfer to ICU
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5 .  A N S W E R :  C

Emergence delirium is also known as emergence agitation. 
It occurs in the recovery room and can be described as a 
dissociated state of consciousness in which children can 
be inconsolable, irritable, uncooperative, incoherent, 
crying, kicking, thrashing, or combative. During emer-
gence delirium children do not recognize familiar objects 
or people, including their parents. Usually emergence delir-
ium is self-limited and resolves in less than 30 minutes.

Emergence delirium occurs more commonly after 
anesthesia with less soluble inhalational anesthetic agents 
such as sevoflurane or desflurane than with halothane 
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or isoflurane. Emergence delirium occurs less often after 
anesthesia with propofol than after anesthesia with any of 
the inhalational agents.

Risk factors that have been identified as increasing the 
incidence of emergence delirium include increased pre-
operative anxiety and increased preoperative parental 
anxiety. Emergence delirium occurs in both adults and 
children, but it occurs most often in children between 2 
and 5 years.

Interventions that treat pain also decrease the inci-
dence and severity of emergence delirium. Intraoperative 
administration of IV ketorolac or IV fentanyl decreases 
the incidence and severity of emergence delirium. Drugs 
that provide a degree of sedation also decrease the inci-
dence and severity of emergence delirium. Clonidine 
administered either intravenously or caudally and dexme-
tomidine administered intravenously have been shown 
to be effective in this regard. It is important to note that 
emergence delirium can occur after anesthesia for both 
painful surgical procedures and anesthesia for procedures 
such as magnetic resonance imaging (MRI) that are not 
painful.

Parental presence during the induction of anesthesia 
or in the recovery room has not been shown to decrease the 
incidence or severity of emergence delirium in children.

K E Y FAC T S

• Emergence delirium is a dissociated state in which 
children are inconsolable, irritable, uncooperative, and 
combative. They often do not recognize familiar objects 
or their parents.

• Emergence delirium occurs more often after sevoflurane 
or desflurane than halothane or isoflurane.

• Emergence delirium occurs less often after propofol than 
the inhalational agents.

• IV fentanyl, IV ketorolac, IV and caudal clonidine, 
and IV dexmetomidine all decrease the incidence of 
emergence delirium.

• Risk factors for emergence delirium include preoperative 
anxiety, parental preoperative anxiety, and age between 
2 and 5 years.

• Parental presence during the induction of anesthesia or 
in the recovery room does not decrease the incidence or 
severity of emergence delirium.
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6 .  A N S W E R :  B

Preoperative anxiety in children is a significant issue with at 
least 50% of children developing significant fear and anxi-
ety before anesthesia and surgery. This preoperative anxiety 
is characterized by tension, apprehension, and nervous-
ness. Factors contributing to this anxiety include sepa-
ration from their parents, loss of control, and fear of 
the unknown, including the induction of anesthesia and 
surgery.

There are several risk factors for preoperative anxiety. 
Children between the ages of 1 and 5  years are at the 
highest risk. A  history of a previous stressful medical 
encounter such as a prior surgery is also a significant risk 
factor. Parental preoperative anxiety is also a significant 
risk factor for preoperative anxiety in children.

Preoperative anxiety is a significant issue because it results in 
a more stressful perioperative experience, including the induc-
tion of anesthesia. Preoperative anxiety is also associated with 
significantly more pain both during the hospitalization and 
over the first 3 days after discharge home. Preoperative anxi-
ety is also associated with a greater incidence of emergence 
delirium, a greater incidence of postoperative anxiety, and 
a greater incidence of sleep and other behavioral problems. 
Preoperative anxiety is not associated with a greater incidence 
of postoperative nausea and vomiting.

Preoperative anxiety can be treated pharmacologi-
cally with medications such as oral midazolam. Parental 
presence during the induction of anesthesia has not been 
shown to reliably decrease preoperative anxiety, especially if 
the parents also have anxiety. Preoperative anxiety can also 
be treated with behavioral modalities such as child life 
intervention, music, and video distraction.

K E Y FAC T S

• Significant preoperative anxiety occurs in at least 50% of 
children before anesthesia and surgery.

• Risk factors for preoperative anxiety include age 
between 1 and 5 years, a history of a previous stressful 
medical encounter, and parental preoperative anxiety.

• Preoperative anxiety results in more stressful induction 
of anesthesia.

• Preoperative anxiety is associated with greater 
postoperative pain both during the hospitalization and 
after discharge home.

• Preoperative anxiety is associated with greater incidence 
of emergence delirium, postoperative anxiety, and 
postoperative sleep and behavioral problems.
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• Preoperative anxiety can be treated with behavioral 
modification, such as child life intervention, music, and 
video distraction.

• Preoperative anxiety can be treated pharmacologically, 
most commonly with midazolam.
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7.  A N S W E R :  C

Malignant hyperthermia should be treated by immediately 
discontinuing the inhalational anesthetic and adminis-
tering 100% oxygen at high flow rates in order to rapidly 
eliminate the triggering agent. Minute ventilation should 
be increased. The surgeons should be notified so that they 
can abort or terminate the surgery as quickly as possible. 
Help should be called for and the malignant hyperther-
mia cart should be brought to the operating room, and 
Dantrolene should be prepared and then administered 
at an intravenous dose of 2.5 mg/kg as rapidly as possible. 
Additional doses of Dantrolene should be administered 
until there is evidence that the malignant hyperthermia has 
resolved. Dantrolene should then be continued at a dose of 
1 mg/kg IV every 6 hours for 24 to 48 hours.

Additional IV catheters should be placed as well as a 
Foley catheter to monitor urine output. An arterial line 
should be placed. Hyperkalemia should be treated with 
calcium and glucose-insulin. Metabolic acidosis should 
be treated with intravenous bicarbonate. Serum creatinine 
kinase should be measured and followed as well as urinary 
myoglobin. If there is any evidence of rhabdomyolysis, the 
urine should be alkalinized and mannitol administered 
to try to prevent the precipitation of myoglobin in the 
renal tubules. Multisystem organ failure can result in dis-
seminated intravascular coagulation that should be treated 
based on the patient’s coagulation profile.

K E Y FAC T S

• Immediately discontinue the inhalational anesthetic and 
administer 100% oxygen at high flow rates.

• Notify surgeons to abort or terminate surgery.

• Call for help and for the malignant hyperthermia cart.
• Administer Dantrolene 2.5 mg/kg. Repeat until 

malignant hyperthermia has resolved. Continue 
Dantrolene 1 mg/kg every 6 hours for another 
24–48 hours.

• Place additional IVs, arterial line, and Foley catheter.
• Treat hyperkalemia with calcium and glucose/insulin.
• Follow serum creatinine kinase and urinary myoglobin 

and treat any rhabdomyolysis with IV bicarbonate and 
mannitol.

• Monitor coagulation profile and treat DIC with blood 
products.
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8 .  A N S W E R :  D

Malignant hyperthermia is a hypermetabolic response to 
either succinylcholine or one of the inhalational anesthetic 
agents. The earliest clinical sign of malignant hyperthermia 
is an increase in carbon dioxide production caused by 
skeletal muscle contraction. In a mechanically ventilated 
patient this will result in an increase in end-tidal CO

2
, 

and in a patient breathing spontaneously this will result 
in a rapidly increasing minute ventilation. Tachycardia 
is another early sign, but it is not specific to malignant 
hyperthermia.

As myoplasmic Ca2+ concentrations in the skeletal 
muscle increase, generalized muscular rigidity develops. 
Increased anaerobic metabolic activity from the contract-
ing skeletal muscles increases lactate levels. A mixed respi-
ratory and metabolic acidosis develops. Hyperthermia 
is a late sign of malignant hyperthermia and is caused by 
the heat produced by the continuously contracting skeletal 
muscles.

Untreated malignant hyperthermia is manifest by 
uncontrolled temperature elevation. The uncontrolled 
skeletal muscle contraction results in severe hypoxia and 
hypercarbia, significant metabolic acidosis, hyperka-
lemia, and rhabdomyolysis. This leads to hemodynamic 
instability, ventricular arrhythmias, pulmonary edema, 
disseminated intravascular coagulation, cerebral 
hypoxia and edema, and renal failure from myoglobin 
deposits in the renal tubules, and eventually death.
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K E Y FAC T S

• Malignant hyperthermia is a hypermetabolic response to 
either succinylcholine or one of the inhalational agents.

• The earliest reliable sign of malignant hyperthermia is 
increased carbon dioxide production from the skeletal 
muscle contraction, which is manifest by either an 
increase in end-tidal CO

2
 in a mechanically ventilated 

patient or an increase in minute ventilation in a 
spontaneously ventilated patient.

• Generalized skeletal muscle contraction results in an 
increase in lactate levels and then a mixed respiratory 
and metabolic acidosis. Hyperthermia is a late sign of 
malignant hyperthermia.

• Untreated malignant hyperthermia results in 
uncontrolled temperature elevations, severe hypoxia, 
severe hypercarbia, severe metabolic acidosis, 
hyperkalemia, rhabdomyolysis, ventricular arrhythmias, 
disseminated intravascular coagulation, cerebral hypoxia 
and edema, renal failure from myoglobin deposits in the 
renal tubules, and death.
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9.  A N S W E R :  C

Triggering agents for malignant hyperthermia are only 
the inhalational anesthetic agents and succinylcholine. 
Nitrous oxide and xenon do not trigger malignant hyper-
thermia. All of the local anesthetics do not trigger malig-
nant hyperthermia. All of the nondepolarizing muscle 
relaxants are safe in patients with malignant hyperther-
mia. Ketamine, propofol, opioids, barbiturates, benzo-
diazepines, clonidine, and dexmetomidine are all safe in 
patients with malignant hyperthermia.

Patients with a family history of malignant hyper-
thermia or with a history of malignant hyperthermia 
with a previous anesthetic are susceptible to malignant 
hyperthermia.

If a patient is susceptible to malignant hyperthermia, the 
anesthesia machine should be prepared by removing the 
vaporizers and changing the circuit and the carbon dioxide 
absorbent. The anesthesia machine should be flushed out for 
30 minutes at a flow rate of 10 L/min. Dantrolene should be 
available, but not given preoperatively. Dantrolene should 

only be given intraoperatively or postoperatively to treat 
a case of malignant hyperthermia. A  nontriggering anes-
thetic should be given, avoiding the use of the inhalational 
agents and succinylcholine. Temperature and end-tidal CO

2
 

should be monitored. If a patient is susceptible to malignant 
hyperthermia, he or she should be monitored in the recov-
ery room for a minimum of 4–6 hours after surgery.

K E Y FAC T S

• The only triggering agents for malignant hyperthermia 
are succinylcholine and the inhalational anesthetic 
agents (halothane, isoflurane, sevoflurane, and 
desflurane).

• Nitrous oxide and xenon are not triggering agents for 
malignant hyperthermia.

• The nondepolarizing muscle relaxants (e.g., rocuronium, 
vecuronium) are not triggering agents for malignant 
hyperthermia.

• Ketamine, propofol, opioids, barbiturates, 
benzodiazepines, clonidine, dexmetomidine, and 
the local anesthetics are all not triggering agents for 
malignant hyperthermia.

• Dantrolene should not be given preoperatively to 
patients susceptible to malignant hyperthermia. 
Dantrolene should only be used to treat malignant 
hyperthermia.

• Preoperative preparation for a patient susceptible to 
malignant hyperthermia, in addition to a nontriggering 
anesthetic, includes removing the vaporizers, changing 
the circuit and carbon dioxide absorbent, and flushing 
the machine for at least 30 minutes at 10 L/min.
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10 .  A N S W E R :  B

Laryngospasm is a relatively frequent complication of anes-
thesia. The most significant risk factor associated with 
perioperative laryngospasm is younger age with the high-
est incidence of laryngospasm in children less than 5 years 
of age. Males have a higher incidence of laryngospasm 
than females. There is a higher incidence of laryngospasm 
in patients who have an upper respiratory infection or a 
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history of an upper respiratory infection in the past 2 weeks. 
There is also a higher incidence of laryngospasm in patients 
with a history of eczema and in patients with a history of 
asthma or reactive airway disease with more than three epi-
sodes of wheezing in the past year. A family history of asthma 
or eczema and household exposure to tobacco smoking 
are also risk factors for perioperative laryngospasm.

Surgery or manipulation of the larynx or phar-
ynx increases the incidence of laryngospasm. Emergency 
procedures also are associated with a higher incidence of 
laryngospasm.

Laryngospasm is associated with an insufficient depth 
of anesthesia and is commonly seen during induction and 
emergence of anesthesia. Triggers of laryngospasm include 
blood or secretions in the airway. Mechanical stimula-
tion of the oropharynx or larynx during laryngoscopy or 
from a bronchoscope, oral airway, or LMA or suction cath-
eter can also trigger laryngospasm.

K E Y FAC T S

• The most significant risk factor for laryngospasm is 
younger age.

• Other patient-related risk factors for laryngospasm 
include male gender, a concurrent or recent upper 
respiratory infection, a history of eczema, a history 
of wheezing or asthma, and household exposure to 
tobacco smoke.

• A family history of asthma or eczema is also associated 
with an increased incidence of laryngospasm.

• Surgery involving the larynx or pharynx or procedures 
such as bronchoscopy are also associated with an 
increased incidence of laryngospasm.

• Laryngospasm is associated with light anesthesia and is 
commonly seen during induction and emergence.

• Laryngospasm can be triggered by blood or secretions 
in the airway or direct mechanical stimulation from a 
laryngoscope, oral airway, LMA, or suction catheter.
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11.  A N S W E R :  C

Perioperative cardiac arrest: Numerous studies have demon-
strated that pediatric patients have a higher incidence of 

perioperative cardiac arrest than adult patients. Infants 
less than 1  month of age have the highest incidence of 
perioperative cardiac arrest. The incidence of periopera-
tive cardiac arrest decreases in older infants and children. 
Infants and children over 1 year of age have approximately 
the same incidence of perioperative cardiac arrest as adults.

Infants and children with congenital heart disease 
have a significantly higher incidence of perioperative car-
diac arrest than infants and children without congenital 
heart disease. The incidence of perioperative cardiac arrest 
is significantly higher in children undergoing cardiac sur-
gery than noncardiac surgery.

Approximately 21% of perioperative arrests occurred 
during the induction of anesthesia, and the majority of 
arrests (67%) occurred during maintenance of anesthesia.

Cardiovascular causes accounted for approximately 
41% of perioperative arrests. Respiratory causes accounted 
for about 27% and medications accounted for about 18% of 
perioperative cardiac arrests. The most common cardiovas-
cular cause of perioperative cardiac arrest was hypovolemia 
from blood loss, and the second most common cardiovascu-
lar cause was hyperkalemia from transfusing stored blood. 
The most common respiratory cause of perioperative cardiac 
arrest was from laryngospasm. The medication causes of 
perioperative cardiac arrest included reactions to the inhala-
tional anesthetic agents succinylcholine and neostigmine. 
Approximately 2.5% of perioperative cardiac arrests were due 
to complications from central venous catheterization.

There is a significant association between surgical pro-
cedure and the cause of cardiac arrest. Airway surgery was 
associated with a respiratory cause in 49% of cardiac arrests 
and cardiac surgery; neurosurgery and spine surgery were 
associated with cardiovascular causes in 71% of cardiac 
arrests.

K E Y FAC T S

• Infants less than 1 month of age have the highest 
incidence of perioperative cardiac arrest.

• Infants and children with congenital heart disease 
undergoing cardiac surgery have the highest incidence of 
perioperative cardiac arrest.

• The majority of perioperative arrests occur during 
maintenance of anesthesia.

• Cardiovascular causes account for the most 
perioperative cardiac arrests, and the most common 
cause is hypovolemia from blood loss.

• The most common respiratory cause of perioperative 
cardiac arrest is laryngospasm.
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12 .  A N S W E R :  B

Laryngospasm is a relatively frequent complication of 
anesthesia. The treatment of laryngospasm begins with 
correctly recognizing and diagnosing laryngospasm. 
Laryngospasm most commonly occurs during the induc-
tion or emergence phases of anesthesia. Laryngospasm 
should be suspected when there is a loss of spontane-
ous ventilation and an inability to ventilate with 
positive-pressure ventilation. The first step to treat 
laryngospasm is to provide continuous positive-pressure 
ventilation with 100% oxygen via a facemask while 
applying a chin lift and jaw thrust. The majority of cases 
of laryngospasm can be treated successfully with this 
method.

If continuous positive-pressure ventilation is not suc-
cessful, then treatment depends on whether or not there 
is intravenous access. If there is intravenous access, laryn-
gospasm can be treated with intravenous propofol. If the 
propofol does not terminate the laryngospasm, then the 
laryngospasm should be treated with either intravenous 
rocuronium or intravenous succinylcholine after intrave-
nous atropine. Administering intravenous succinylcholine 
without atropine in a hypoxic and bradycardic patient may 
lead to severe bradycardia and cardiac arrest.

If there is no intravenous access, then laryngospasm that 
is not successfully treated with continuous positive-pressure 
ventilation with a face mask should be treated with either 
intramuscular rocuronium or succinylcholine. It is impor-
tant to treat laryngospasm before the hypoxia causes severe 
bradycardia and cardiac arrest. Administering intramuscu-
lar muscle relaxants will usually resolve the laryngospasm in 
less than 30 seconds and allow successful positive-pressure 
ventilation with a face mask. If the laryngospasm occurred 
during the induction of anesthesia, an intravenous line 
should be place and the airway should be secured before 
proceeding with surgery.

K E Y FAC T S

• Laryngospasm should be initially treated with 
continuous positive-pressure ventilation with a face 
mask with 100% oxygen.

• If there is intravenous access, laryngospasm that 
does not resolve with continuous positive-pressure 
ventilation should be treated with intravenous propofol. 
If the laryngospasm does not resolve with propofol, 
laryngospasm should be treated with intravenous 
rocuronium. Intravenous succinylcholine can be used 
instead of rocuronium, but only after intravenous 
atropine is given to prevent severe bradycardia and 
cardiac arrest.

• If there is no intravenous access, laryngospasm that does 
not resolve with continuous positive-pressure ventilation 
should be treated with intramuscular rocuronium or 
succinylcholine.
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13 .  A N S W E R :  A

Posterior ischemic optic neuropathy is the most common 
cause of postoperative visual loss. Surgical risk factors for 
postoperative visual loss include duration of anesthetic, 
prone positioning, large estimated blood loss, exces-
sive crystalloid use, prolonged hypotension, and direct 
pressure on the eyes in surgery, which increases intraocu-
lar pressure as well as venous pressure. Patient risk factors 
include morbid obesity, hypertension, diabetes melli-
tus, atherosclerosis, and tobacco use.

Ischemic optic neuropathy can be anterior or posterior. 
Anterior ischemic optic neuropathy is associated most 
often with cardiac bypass procedures, spine surgery, and 
major vascular procedures. Posterior ischemic optic neu-
ropathy is associated with procedures that increase venous 
pressure in the head, such as prone spinal fusion.

Retinal artery occlusion is most often due to either an 
embolic event or from direct globe compression, resulting 
in kinking of the central retinal artery. This can occur in 
prone cases if pressure is placed on the globe.

Cortical blindness is associated with stroke or other 
embolic phenomena. Interestingly, a recent retrospective 
review by Shen et  al. demonstrated that patients under 
18 years old are more likely to have cortical blindness as a 
cause of postoperative visual loss than patients over 18 years 
old. The etiology of this is unclear.

Posterior reversible encephalopathy syndrome is a 
condition associated with variable neurologic findings in 
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the setting of an acute medical illness, including seizures 
(88%), visual changes (60%), altered mental status (56%), 
headaches (52%), nausea and vomiting (28%), brainstem 
symptoms (12%), and hemiplegia (12%). It is associated with 
autoimmune disease, hypertensive episodes, malignancy, 
chemotherapy, immunosuppressive agents, and so on. It 
is diagnosed by MRI, which reveals vasogenic edema and 
ischemia on Fluid Attenuated Inversion Recovery (FLAIR) 
sequences. FLAIR is a method to remove the signal from 
fluid. Several case reports of posterior reversible encepha-
lopathy syndrome have occurred following the administra-
tion of a general anesthetic.

K E Y FAC T S

• Posterior ischemic optic neuropathy is the most 
common cause of postoperative visual loss.

• Surgical risk factors for postoperative visual loss 
include duration of anesthetic, prone positioning, large 
estimated blood loss, excessive crystalloid use, prolonged 
hypotension, and direct pressure on the eyes in surgery.

• Anterior ischemic optic neuropathy is associated most 
often with cardiac bypass procedures, spine surgery, and 
major vascular procedures.

• Posterior ischemic optic neuropathy is associated with 
procedures that increase venous pressure in the head, 
such as prone spinal fusion.
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14 .  A N S W E R :  B

Peripheral nerve injuries can be devastating complica-
tions of anesthesia. Meticulous attention should be paid to 
patient positioning during an anesthetic to avoid direct 
pressure or stretch of the nerve. Despite adequate position-
ing and padding, peripheral neuropathy can still occur, and 
the mechanism is unknown. The most frequent site of neu-
ropathy is ulnar (28%), followed by brachial plexus (20%), 
lumbosacral (16%), and spinal cord (13%).

When a patient presents with a neuropathy following 
a general anesthetic, it is important to do a careful history 
and physical examination. Frequently, sensory neuropa-
thies resolve spontaneously, within 5  days. Any patient 
with a sensory deficit persisting beyond 5  days should be 
referred to a neurologist. Motor deficits are much more 

grave. Patients with a motor deficit following a general 
anesthetic should be referred to a neurologist immediately 
for an electromyographic study. This study can determine 
if a preexisting neuropathy was present and determine the 
exact location of the injury.

Signs of denervation from acute neural injury with 
resultant motor dysfunction are apparent on electromyog-
raphy within 3 weeks of the event. Neurapraxia, or demyl-
enation of the fibers of a nerve trunk, generally recovers 
within 2  months. More severe injury, such as complete 
nerve disruption, can cause persistent pain and disability.

Bilateral distribution of symptoms can occur follow-
ing a centrally mediated neuropathy, such as after a spinal or 
epidural anesthetic.

A history of chronic pain is not the most likely cause 
of an anesthesia-related neuropathy and may suggest that a 
preexisting condition has resulted in the complaint.

K E Y FAC T S

• The most frequent site of neuropathy is ulnar (28%), 
followed by brachial plexus (20%), lumbosacral (16%), 
and spinal cord (13%).

• Frequently, sensory neuropathies resolve spontaneously, 
within 5 days.

• Patients with a motor deficit following a general 
anesthetic should be referred to a neurologist 
immediately for an electromyographic study.

• Signs of denervation from acute neural injury 
with resultant motor dysfunction are apparent on 
electromyography within 3 weeks of the event.
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15 .  A N S W E R :  A

Intraoperative awareness is a serious complication of gen-
eral anesthesia, with an incidence estimated to be between 
0.1% and 0.2%. The incidence of awareness in the pedi-
atric population is up to 10 times higher. Besides age, 
other risk factors for intraoperative awareness include 
patient-related risk factors (history of substance abuse, 
more comorbid medical conditions/higher ASA PS), 
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surgical risk factors (emergency surgery, trauma surgery), 
and anesthetic risk factors (use of muscle relaxants, absence 
of benzodiazepines).

This bispectral index (BIS) is a processed electroen-
cephalogram (EEG)-derived variable that is designed to 
measure the depth of anesthesia. It is calculated by inte-
grating four different processed EEG descriptors that each 
perform most accurately at a different stage of anesthesia, 
into a single variable. These are then integrated to gener-
ate a single number, or BIS score. The BIS can range from 
0 to 100, with a score of 60 or lower generally thought to 
confer unconsciousness. Advantages of the BIS moni-
tor include more adequate titration of anesthetic agents, 
faster anesthetic emergence, and probability of recall. It 
does not, however, prevent recall, as it is only a parameter, 
which must be interpreted by the clinician in conjunction 
with other signs of light anesthesia. In 2004, Ekman et al. 
demonstrated a five-fold reduction in the risk on aware-
ness under general anesthesia with the use of a BIS moni-
tor in 4945 patients compared to a historical control group. 
However, it has also been shown that maintenance 0.75 to 
1.3 MAC with a volatile anesthetic was as effective as a BIS 
monitor in preventing awareness. Additionally, because the 
incidence of intraoperative awareness is very small, the lit-
erature examining the effectiveness of the BIS monitor may 
be underpowered.

K E Y FAC T S

• Intraoperative awareness has an incidence estimated to 
be between 0.1% and 0.2%.

• The incidence of awareness in the pediatric population is 
up to 10 times higher.

• Besides age, other risk factors for intraoperative 
awareness include patient-related risk factors (history of 
substance abuse, more comorbid medical conditions/
higher ASA PS), surgical risk factors (emergency surgery, 
trauma surgery), and anesthetic risk factors (use of 
muscle relaxants, absence of benzodiazepines).

• Advantages of the BIS monitor include more adequate 
titration of anesthetic agents, faster anesthetic 
emergence, and probability of recall.

• BIS does not, however, prevent recall, as it is only a 
parameter, which must be interpreted by the clinician in 
conjunction with other signs of light anesthesia.

• It has also been shown that maintenance of 0.75 to 1.3 
MAC with a volatile anesthetic was as effective as a BIS 
monitor in preventing awareness.
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16 .  A N S W E R :  D

Awareness under anesthesia is a serious complication of 
anesthetic practice. Incidence is 0.1% to 0.2% but can be 
up to 10 times higher in children. When there is concern 
for awareness under anesthesia, a standardized interview 
of the patient should occur immediately following anesthe-
sia in the recovery room. These questions should ideally be 
asked again within the next few days.

Standardized interview questions include the following 
(Modified Brice Questionnaire):

What is the last thing you remember happening before 
you went to sleep?

What is the first thing you remember happening on 
waking?

Can you remember anything that happened between 
these two points? Did you dream or have any other experi-
ences while you were asleep?

What was the worst thing about your operation?
Signs of awareness under anesthesia include patient 

movement, hypertension, tachycardia, sweating, and tear-
ing. These, however, do not always indicate awareness and 
may just mark light anesthesia.

The BIS monitor is a processed EEG monitor that is 
used to assign a numerical value from 0 to 100 to level of 
consciousness. Though a BIS score correlates with depth of 
anesthesia, it is most helpful as a trending device and there-
fore may not be helpful in an acute situation such as this.

Consequences of anesthetic recall include anxiety, 
flashbacks, and posttraumatic stress disorder. Appropriate 
referral of these patients to psychiatry should be ensured. 
Interestingly, children are less likely than adults to have 
prolonged anxiety or posttraumatic stress disorder follow-
ing an anesthetic.

If a patient reports intraoperative awareness, details of 
the event should be obtained and possible reasons should 
be discussed with the patient. The event should be reported 
for quality management purposes. Additionally, the patient 
should be referred to counseling and psychological support.

K E Y FAC T S

• The incidence of awareness under anesthesia is 0.1% to 
0.2%, but it can be up to 10 times higher in children.

• When there is concern for awareness under anesthesia, 
a standardized interview of the patient should occur 
immediately following anesthesia in the recovery room.
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• Signs of awareness under anesthesia include patient 
movement, hypertension, tachycardia, sweating, and 
tearing.

• Consequences of anesthetic recall include anxiety, 
flashbacks, and posttraumatic stress disorder.
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17.  A N S W E R :  C

Causes of systemic hypotension can be divided into three 
main categories: preload, pump failure, and afterload.

A frequent cause of intraoperative and postoperative 
hypotension is inadequate replacement of fluid losses. 
Surgical bleeding, insensible losses from exposed body 
surface area, and bowel exposure contribute to this. A pro-
longed fasting period prior to surgery may decrease preload. 
A bowel prep, completed before general or urologic surgi-
cal procedures, will decrease intravascular volume. Preload 
may be decreased by positioning of surgical instruments 
resulting in pressure on the inferior vena cava and decreas-
ing return from the bowel and lower extremities to the right 
side of the heart.

A second category of hypotension is due to decreased 
cardiac output. This includes all causes of pump failure, 
some of which include myocardial ischemia, cardiomyopa-
thy, valvular disease, tamponade, pulmonary embolus, and 
tension pneumothorax. Cardiac arrhythmias can cause 
hypotension and may occur secondary to electrolyte abnor-
malities, anesthetic agents, or surgery.

Finally, hypotension can be due to decreased afterload. 
This is a result of decreased intrinsic vascular tone. Causes 
include sepsis, allergic reactions, neuraxial anesthesia, and 
adrenal insufficiency. The most common cause of intraoper-
ative hypotension from reduced afterload is iatrogenic from 
anesthetic agents, which cause a decrease in the systemic 
vascular resistance.

Mild hypotension does not typically require treat-
ment. Hypotension generally should be treated if there is 
reduction of blood pressure greater than 20% from base-
line. Treatment depends on the cause, which must be first 
assessed. Intravascular volume assessment can be assessed by 
a decrease in the central venous pressure, increased systolic 

or pulse pressure variation on an arterial line tracing, or 
significant blood in the suction canisters or on drapes and 
absorbed by surgical sponges. A patient with diabetes insip-
idus or given lasix or mannitol may have a urine output far 
in excess of intravenous volume replacement. Patients with 
severe chronic obstructive pulmonary disease (COPD) 
may have air trapping if expiratory time is too low, leading 
to increased intrathoracic pressure and decreased venous 
return. Elevated positive end-expiratory pressure can have 
the same result.

K E Y FAC T S

• Causes of systemic hypotension can be divided into 
three main categories: preload, pump failure, and 
afterload.

• Frequent causes of intraoperative and postoperative 
hypotension are inadequate replacement of fluid losses, 
surgical bleeding, and insensible losses.

• Decreased afterload results from decreased intrinsic 
vascular tone, and causes include sepsis, allergic 
reactions, neuraxial anesthesia, and adrenal 
insufficiency.

• A second category of hypotension is due to decreased 
cardiac output.

• Hypotension generally should be treated if there is 
reduction of blood pressure greater than 20% from 
baseline.
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18 .  A N S W E R :  B

Pheocromocytomas are catecholamine-secreting tumors  
that most often arise from the adrenal medulla. 
Perioperative mortality rates in patients with undi-
agnosed pheochromocytomas can be as high as 45%. 
When a preoperative diagnosis is made, long-acting oral 
α-antagonists such as phenoxybenzamine should be 
introduced at least 3–5 days prior to surgery; ideally they 
are given 10–14  days preoperatively. Phenoxybenzamine 
is long acting (24–48 hours) and works noncompeti-
tively both presynaptically (α2) and postsynaptically (α1). 
α-adrenergic blockade can also be accomplished with 
other alpha-blocking agents, such as doxazosin or prazosin. 
Once alpha blockade is well established, beta-adrenergic 
blockade may be added to correct persistent tachycardia/
tachyarrhythmia. However, it is extremely important 
to avoid β-blockade until α-blockade is well estab-
lished, as this may lead to unopposed vasoconstriction. 
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Intraoperatively, procedures that cause sympathetic stimu-
lation, such as laryngoscopy or manipulation of the tumor 
may cause severe hypertension and tachycardia due to exces-
sive catecholamine release. When this occurs, the drugs 
of choice are sodium nitroprusside or phentolamine. 
Phentolamine is an alpha-antagonist with a duration of 
action lasting approximately 5 minutes. Short-duration 
agents are preferred, as once the tumor’s blood supply has 
been ligated, severe hypotension can occur. In the setting 
of hypotension following tumor removal, the first step is to 
ensure adequate intravascular volume; if hypotension per-
sists, phenylephrine may be administered.

K E Y FAC T S

• Pheocromocytomas are catecholamine-secreting tumors 
that most often arise from the adrenal medulla.

• Perioperative mortality rates in patients with 
undiagnosed pheochromocytomas can be as high 
as 45%.

• Long-acting oral α-antagonists such as 
phenoxybenzamine should be introduced at least 
3–5 days prior to surgery.

• Once alpha blockade is well established, beta-adrenergic 
blockade may be added to correct persistent tachycardia/
tachyarrhythmia.
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19.  A N S W E R :  D

Ophthalmic medications can affect a patient’s hemody-
namics, especially when the patient is a neonate or infant. 
These medications are given topically but are systemically 
absorbed in the nasal mucosa or conjunctiva. It is important 
for the anesthesiologist to understand the hemodynamic 
effects of each of these medications when they are used by 
the ophthalmologist during a procedure under general anes-
thesia. Pilocarpine is a direct-acting cholinergic agonist 
that is used for the treatment of glaucoma. Acute absorp-
tion of this medication can lead to bradycardia. It also may 
cause corneal edema or retinal detachment. Scopolamine 
is an antimuscarinic agent that dilates the pupil and para-
lyzes the cilliary muscle, allowing for retinal evaluation. 
Side effects include photosensitivity and blurry vision; 
systemic absorption leads to tachycardia and a dry mouth. 
Phenylepherine is the most commonly used medication 

to induce pupillary dilation. A  2.5% solution is usually 
used, and especially in neonates and infants, it can be eas-
ily systemically absorbed. Signs of phenylephrine toxicity 
include acute hypertension, which, if severe enough, can 
lead to bradycardia. Timolol is a β-adrenergic antagonist 
used to reduce intraocular pressure for glaucoma treatment. 
Systemic absorption can cause bradycardia, hypotension, 
and even bronchospasm. If toxicity is suspected, direct-
ing acting beta-agonists such as epinephrine should be used 
instead of indirect agents (e.g., ephedrine).

K E Y FAC T S

• Ophthalmic medications can affect a patient’s 
hemodynamics, especially when the patient is a neonate 
or infant.

• Pilocarpine is a direct-acting cholinergic agonist that 
is used for the treatment of glaucoma and can cause 
bradycardia.

• Scopolamine is an antimuscarinic agent that dilates the 
pupil and paralyzes the cilliary muscle and can cause 
photosensitivity and blurry vision, tachycardia, and a 
dry mouth.

• Phenylepherine induces pupillary dilation and can cause 
acute hypertension leading to bradycardia.

• Timolol is a β-adrenergic antagonist used to reduce 
intraocular pressure for glaucoma treatment and can 
cause bradycardia, hypotension, and even bronchospasm.
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2 0 .  A N S W E R :  A

Anaphylactic reactions can be severe and life threatening 
and should be immediately recognized by the anesthesi-
ologist. The most common causes of anaphylaxis during 
anesthesia include muscle relaxants, latex, and antibiot-
ics. Clinical severity of anaphylaxis is graded by the Ring 
and Messmer scale. Grade 1 involves cutaneous-mucous 
signs, such as erythema and uticaria. Grade 2 includes the 
cutaneous signs as well as hypotension/tachycardia/dys-
pnea. Grade 3 has life-threatening signs, such as cardiovas-
cular collapse, cardiac arrhythmias, or severe bronchospasm. 
Grade 4 is cardiac arrest. The overall incidence of periop-
erative anaphylaxis is 1 in 10,000; when neuromuscular 
blocking agents are used, the incidence climbs to 1 in 6500. 
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Diagnosis of anaphylaxis relies on clinical history and 
physical exam, and it can be supported by laboratory inves-
tigation. Tryptase is a preformed enzyme contained in mast 
cell granules. It is released when mast cells are activated and 
is indicative of an anaphylactic reaction. Serum tryptase 
levels peak 15 minutes to 1 hour after an anaphylactic reac-
tion. Tryptase has a half-life of 2 hours. An elevated serum 
tryptase (≥ 10 μg/L) is highly suggestive of mast cell activa-
tion. Serum tryptase levels should be compared to baseline 
levels, which can be drawn >24 hours after the suspected 
anaphylactic reaction. Histamine is also stored in mast cell 
granules, and serum histamine levels may be elevated follow-
ing anaphylaxis. However, the half-life of histamine is only 
15–20 minutes, so any delay in a laboratory draw may miss 
the presence of serum histamine. Additionally, histamine 
is released during nonallergic reactions, such as after expo-
sure to common anesthetic medications such as morphine. 
Therefore, it is not the test of choice to diagnose anaphylaxis. 
A complete blood count with differential may reveal a leuko-
cytosis with basophilic or eosinophilic predominance, 
but it is not the test of choice in confirming an anaphylactic 
reaction. Kinins are small peptides present in mast cells and 
basophils that produce bronchoconstriction and vasodila-
tion. Serum kinin levels cannot be reliably quantified.

K E Y FAC T S

• The most common causes of anaphylaxis include muscle 
relaxants, latex, and antibiotics.

• The overall incidence of perioperative anaphylaxis is 1 in 
10,000; when neuromuscular blocking agents are used, 
the incidence climbs to 1 in 6500.

• Serum tryptase levels peak 15 minutes to 1 hour after an 
anaphylactic reaction.
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21.  A N S W E R :  A

Anaphylaxis is graded by the Ring and Messmer 
classification system. Grade 1 anaphylaxis involves 
cutaneous-mucous signs, such as erythema and uticaria. 
Grade 2 includes the cutaneous signs as well as hypotension/
tachycardia/dyspnea. Grade 3 has life-threatening signs, 
such as cardiovascular collapse, cardiac dysrhythmias, or 
severe bronchospasm. Grade 4 anaphylaxis involves cardiac 

arrest. Severe (grade 3–4) anaphylaxis is associated with 
rapid onset; in fact, a more rapid onset predicts the severity 
of the anaphylaxis. By definition, grade 3 and 4 anaphylaxis 
involves cardiac arrhythmias. Interestingly, bradycardia can 
be seen in severe anyphylaxis. This is a compensatory mecha-
nism, triggered by the Bezold-Jarisch reflex, which occurs 
in response to severe hypovolemia related to profound sys-
temic vascular dilation. This reflex can be seen up to 10% 
of the time with anaphylaxis, and it exists to allow the ven-
tricles to fill prior to contraction. In this case, atropine is 
contraindicated, and instead massive volume resuscitation 
and epinephrine are the treatment of choice. Cutaneous 
manifestations may be absent in severe, rapidly progressing 
anaphylaxis, at least initially. This is due to initial superfi-
cial vasoconstriction in response to profound hypotension. 
Once hypotension is corrected, cutaneous signs appear.

K E Y FAC T S

• Anaphylaxis is graded by the Ring and Messmer 
classification system.

• Grade 1 anaphylaxis involves cutaneous-mucous signs, 
such as erythema and uticaria.

• Grade 2 includes the cutaneous signs as well as 
hypotension/tachycardia/dyspnea.

• Grade 3 has life-threatening signs, such as cardiovascular 
collapse, cardiac dysrhythmias, or severe bronchospasm.

• Bradycardia can be seen in severe anyphylaxis.
• Grade 4 anaphylaxis involves cardiac arrest.
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22 .  A N S W E R :  A

Stridor is caused by turbulent airflow during respiration. 
During inspiration, the transmural pressure across the 
extrathoracic airway causes airway narrowing, as intralu-
minal pressure is subatmospheric, while extraluminal pres-
sure is nearly atmospheric. Upon exhalation, the opposite 
occurs, with intraluminal pressure exceeding the extralu-
minal pressure, causing the airway to open.

Stridor can be caused by fixed or variable lesions that 
are either intra- or extrathoracic in location. Fixed lesions, 
whether extra- or intrathoracic, have flattening of both 
inspiratory and expiratory flow-volume loops. Variable 
intrathoracic lesions exhibit flattening of the expiratory 
portion of the flow-volume loop, while variable extrathro-
acic lesions demonstrate flattening of the inspiratory por-
tion of the flow-volume loop.
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Stridor in infants and children is a serious problem, 
as their airways are smaller and more easily narrowed. 
When approaching a patient with new-onset stridor, 
one should consider whether the stridor is inspiratory in 
nature and thus likely caused by an extrathoracic lesion 
or expiratory in nature and thus caused by an intratho-
racic lesion.

Laryngomalacia is the most common cause of inspira-
tory stridor in infants and children. It is due to a floppy, 
immature larynx and is most often outgrown by the age of 
2 years. Stridor in patients with laryngomalacia may increase 
on induction of anesthesia or when the patient is supine.

Tonsillar hypertrophy or other forms of pharyngeal air-
way obstruction can also cause noisy inspirations, especially 
during induction or emergence from anesthesia. In these 
cases, maneuvers that correct upper airway obstruction, 
such as altering airway positioning or insertion of an oral 
airway, may relieve the obstruction.

Vocal cord injury from intubation can also cause inspi-
ratory stridor. Stridor most often arises from laryngeal 
edema; this, in turn, occurs in response to multiple laryn-
goscopies/intubations during a procedure, placing an endo-
tracheal tube that is too large for the airway, prolonged 
intubation, and coughing or bucking on emergence with an 
endotracheal tube in place. Other than edema, intubation 
can cause aretynoid dislocation or rupture of a vocal cord, 
also leading to inspiratory stridor.

An airway foreign body can be a cause of expiratory 
stridor. Usually, stridor is only heard if the foreign body is 
proximally located in the tracheobronchial tree.

K E Y FAC T S

• Stridor is caused by turbulent airflow during respiration.
• Fixed lesions, whether extra- or intrathoracic 

have flattening of both inspiratory and expiratory 
flow-volume loops.

• Variable intrathoracic lesions exhibit flattening of the 
expiratory portion of the flow-volume loop.

• Variable extrathroacic lesions demonstrate flattening of 
the inspiratory portion of the flow-volume loop.

• Stridor in infants and children is a serious problem, as 
their airways are smaller and more easily narrowed.

• Laryngomalacia is the most common cause of 
inspiratory stridor in infants and children.

• Vocal cord injury from intubation can also cause 
inspiratory stridor.
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23 .  A N S W E R :  D

Infections acquired from blood transfusion have mark-
edly decreased in the United States. Currently, donated 
blood is tested for HIV-1, HIV-2, hepatitis B, hepatitis C, 
human T lymphotrophic virus (HTLV)-1, HTLV-2, West 
Nile virus, syphilis, and Chagas disease. Other infections 
that can be transmitted by blood transfusions but are not 
initially screed for include cytomegalovirus, malaria, and 
variant Creutzfeldt-Jakob disease. Nucleic acid technology 
is currently used to screen blood for hepatitis B, hepatitis C, 
HIV, and West Nile virus. The risk of acquiring HIV or 
hepatitis C from a blood transfusion is very low, approxi-
mately 1 in 2,000,000.

Hepatitis B is an uncommon cause of chronic hepati-
tis, and only 35% of HBV-exposed patients develop acute 
disease. Of patients with acute disease, 85% resolves spon-
taneously. Chronic hepatitis B infection is a risk factor for 
hepatocellular carcinoma. The current risk of acquiring 
hepatitis B from a blood transfusion in the United States 
is 1 in 350,000. Risk of hepatitis B infection increases because 
of the prolonged “window” period: the time between con-
tracting the virus and when it can be detected by nucleic acid 
screening. The window period for HIV and hepatitis C is 
less than 2 weeks; however, the window period for hepatitis 
B can be up to 38 days. This, combined with the increased 
prevalence of hepatitis B in the donor population (compared 
to hepatitis C and HIV), results in a higher transmission 
rate of hepatitis B with a blood transfusion. West Nile virus 
has been tested for in donor blood by nucleic acid screening 
since 2003. It is transmitted by acutely infected but asymp-
tomatic donors; infection rates vary by season.

K E Y FAC T S

• Currently, donated blood is tested for HIV-1, HIV-2, 
hepatitis B, hepatitis C, human T lymphotrophic virus 
(HTLV)-1, HTLV-2, West Nile virus, syphilis, and 
Chagas disease.

• Hepatitis B is an uncommon cause of chronic hepatitis, 
and only 35% of HBV-exposed patients develop acute 
disease.

• The current risk of acquiring hepatitis B from a blood 
transfusion in the United States is 1 in 350,000.

• The window period for HIV and hepatitis C is less than 
2 weeks; however, the window period for hepatitis B can 
be up to 38 days.

• West Nile virus has been tested for in donor blood by 
nucleic acid screening since 2003 and is transmitted by 
acutely infected but asymptomatic donors.
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2 4 .  A N S W E R :  C

TRALI is the leading cause of transfusion-related fatal-
ity. It is defined as acute lung injury developing within 6 
hours of a blood transfusion. Most cases of TRALI develop 
within minutes of blood administration. Clinical mani-
festations include an increased oxygen requirement, pres-
ence of bilateral interstitial infiltrates on chest X-ray, pink/
frothy secretions from the endotracheal tube, fever, and 
hypotension. On laboratory evaluation an acute drop in 
the serum neutrophil count may be seen. When TRALI is 
suspected, blood product administration should be imme-
diately suspended, and the blood bank physician notified 
of the possible reaction. TRALI is more commonly seen 
in pooled donor units, such as platelets, plasma containing 
blood, such as FFP or whole blood, and when the donor is a 
multiparous female.

TRALI can be difficult to distinguish from 
transfusion-associated circulatory overload (TACO), 
especially in small children. TACO is more likely to be 
associated with volume overload:  Patients with TACO as 
opposed to TRALI exhibit elevated left atrial pressures, 
elevated levels of brain natriuretic peptide (BNP), and 
a transudative rather than an exudative pulmonary 
edema fluid. TRALI is less responsive to diuretic therapy 
compared to TACO.

Other transfusion reactions include the following:

Acute hemolytic transfusion reactions. This reaction 
is due to ABO incompatibility. Many signs of an 
acute hemolytic transfusion reaction can be masked 
by anesthesia (back or substernal pain, flushing, 
fever, and dyspnea); however, the hallmark of a 
hemolytic transfusion reaction is the appearance of 
free hemoglobin in urine or plasma. Acute hemolytic 
transfusion reactions can lead to acute renal failure and 
disseminated intravascular coagulation.

Delayed hemolytic transfusion reactions. Delayed 
hemolytic transfusion reactions occur when red blood 
cells are suddenly hemolyzed days after an ABO 
compatible cross match. These reactions are usually 
due to antibodies against Rheuses (Rh), Kell, Duffy, 
and Kidd antigens. Red blood cell destruction occurs 
in the spleen and liver. Delayed hemolytic transfusion 
reactions are much less likely to be fatal.

Allergic reactions. The reactions present with fever, 
urticaria, and pruitis and are most often due to 
reactions to proteins in donor plasma.

K E Y FAC T S

• TRALI is the leading cause of transfusion-related 
fatality.

• TRALI is defined as acute lung injury developing within 
6 hours of a blood transfusion.

• Clinical manifestations include an increased oxygen 
requirement, presence of bilateral interstitial infiltrates 
on chest X-ray, pink/frothy secretions form the 
endotracheal tube, fever, and hypotension.

• TRALI is more commonly seen in pooled donor units, 
such as platelets, plasma containing blood, such as FFP 
or whole blood, and when the donor is a multiparous 
female.

• Patients with TACO as opposed to TRALI exhibit 
elevated left atrial pressures, elevated levels of BNP, 
and a transudative rather than an exudative pulmonary 
edema fluid.
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25 .  A N S W E R :  B

Umbilical venous cannulation is used to provide central 
access in a neonate. These catheters can be used for resusci-
tation, for delivering vasopressors/ionotropes, for parental 
nutrition, and for central venous pressure monitoring.

Unfortunately, there are high complication rates with 
umbilical venous catheters. An improperly placed cath-
eter can be life threatening. A properly placed catheter 
ends at the junction of the inferior vena cava and right 
atrium. A catheter that fails to cross the ductus venosus 
may become stuck in the liver, leading to cirrhosis due to 
portal necrosis if unrecognized.

Umbilical catheters are associated with a risk of por-
tal vein thrombosis. Risk of thrombosis is increased 
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when the catheter is positioned too low, due to a lower 
venous flow rate resulting in stasis and coagulation. 
Even with appropriate placement, the incidence of portal 
vein thrombosis associated with an umbilical venous cath-
eter is 1.3%.

All centrally inserted vascular catheters should be 
inserted with utmost sterile technique; additionally, they 
should be assessed on a daily basis. They should be removed 
as soon as medically possible to reduce the risk of infection. 
Severe central line infections can lead to sepsis, as well as 
cause endocarditis.

K E Y FAC T S

• Umbilical venous cannulation is used to provide central 
access in a neonate.

• A properly placed catheter ends at the junction of the 
inferior vena cava and right atrium.

• A catheter that fails to cross the ductus venosus may 
become stuck in the liver, leading to cirrhosis due to 
portal necrosis if unrecognized.

• Umbilical catheters are associated with a risk of portal 
vein thrombosis.
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2 6 .  A N S W E R :  C

In order to calculate allowable blood loss, you must first 
calculate a patient’s estimated blood volume (mL/kg). This 
varies with age. A  preterm neonate has a blood volume 
of 95 mL/kg, and a term neonate has a blood volume of 
85 mL/kg. In the first year of life, an infant has a blood 
volume of about 80 mL/kg. By adulthood, the average 
male has a blood volume of 75 mL/kg, while the average 
female has a blood volume of 65 mL/kg.

During surgeries where significant blood loss is 
expected, it is helpful to calculate allowable blood loss, in 
order to anticipate when packed red blood cell transfusion 
should begin. A convenient formula to use is as follows:

Allowable blood loss Estimated Blood volume

Hct Hctinitial

    =

−

*

ffinal initialHct( ) / .

Of course, frequent laboratory measurements of hema-
tocrit should be performed to validate estimated blood 
loss, as surgical blood loss can be difficult to quantify. 
Blood can be hidden in drapes, collected in sterile sponges 
that are not visible to the anesthesiologist, or spill on 
the floor.

K E Y FAC T S

• To calculate allowable blood loss, you must first calculate 
a patient’s estimated blood volume (mL/kg) which varies 
with age.

• A preterm neonate has a blood volume of 95 mL/kg.
• A term neonate has a blood volume of 85 mL/kg.
• In the first year of life, an infant has a blood volume of 

about 80 mL/kg.
• By adulthood, the average male has a blood volume of 

75 mL/kg, while the average female has a blood volume 
of 65 mL/kg.

• Allowable blood loss Estimated Blood volume *

Hct Hctinitial

    =

− ffinal initialHct .( ) /
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27.  A N S W E R :  D

Adrenal insufficiency is a possible cause of intraopera-
tive hypotension and electrolyte abnormalities in a sur-
gical patient on chronic steroids undergoing anesthesia. 
Findings in the pediatric patient with adrenal insuffi-
ciency include hypotension, hyponatremia, hyperkalemia, 
and hypoglycemia. Metabolic acidosis may also be present. 
An awake patient may manifest abdominal pain, nausea, 
vomiting, diarrhea, and/or fever.

Although it may be difficult to recognize, prompt 
treatment of an adrenal crisis is essential to prevent mor-
bidity. Current recommendations include stress-dose 
glucocorticoids—administer hydrocortisone (Solu-Cortef) 
at the following doses:  age 0–3  years 25 mg IV, age 
3–12 years 50 mg IV, >12 years 100 mg IV. Steroids should 
be redosed every 6 hours for a 24-hour period.

Hypoglycemia should be treated with a 
dextrose-containing intravenous solution. Additional 
intravenous fluids and/or vasopressors should be used to 
correct hypotension. Hyperkalemia should be assessed 
for and treated rapidly with sodium bicarbonate, calcium 
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chloride/calcium gluconate, and if necessary insulin/glu-
cose infusion.

Diagnosis of adrenal insufficiency can be accomplished 
by checking a random plasma cortisol concentration or by 
performing an adrenocorticotrophic hormone (ACTH) 
stimulation test following surgery.

K E Y FAC T S

• Adrenal insufficiency is a possible cause of intraoperative 
hypotension and electrolyte abnormalities in a surgical 
patient on chronic steroids undergoing anesthesia.

• Findings in the pediatric patient with adrenal 
insufficiency include hypotension, hyponatremia, 

hyperkalemia, and hypoglycemia; metabolic acidosis 
may also be present.

• An awake patient may manifest abdominal pain, nausea, 
vomiting, diarrhea, and/or fever.
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25.

SPECI A L TECHNIQUES A ND SITUATIONS

Raymond Park and Elizabeth C. Eastburn

1. Laparoscopic surgery is associated with:

A. A linear decrease in cardiac output with increasing 
intraabdominal insufflation pressure

B. Negligable changes in intracranial pressure
C. Decreased functional residual capacity, lung 

compliance, and closing volume with unaffected 
vital capacity

D. A increase in minute ventilation of 50%–100% to 
maintain pH

2. Ethanol use for embolization and sclerotherapy is 
associated with:

A. Hemolysis, the severity of which does not correlate 
with total administered dose

B. Intoxication, the severity of which does not correlate 
with total administered dose

C. Coagulopathy that frequently requires treatment 
with fresh-frozen plasma

D. Cardiovascular collapse due to right heart failure

3. A former 31-week premature patient who is now 36 weeks 
is being brought from the neonatal intensive care unit to 
the operating room for removal of a tunneled central line. 
The patient chronically requires 1 L nasal cannula to main-
tain oxygen saturation greater than 90%. Considerations 
for the intraoperative care of this patient should include:

A. Liberal fluid hydration
B. Mechanical ventilation with 8–10 mL/kg 

tidal volume
C. Preoperative echocardiography
D. Permissive hypocapnia

4. A 5-year-old boy in respiratory failure with the onset 
of 5 days ago, is brought to the interventional radiol-
ogy suite from the intensive care unit for placement of 
a peripherally inserted central catheter (PICC) line. He 

is intubated and his ventilator his ventilator settings are 
a FiO

2
 of 0.5 with a PEEP of 5 cm H

2
O. On his last arte-

rial blood gas, his PaO
2
 was 90 mm Hg. Based on this 

information, his lung disease is best characterized as:

A. Mild acute respiratory distress syndrome (ARDS)
B. Moderate ARDS
C. Severe ARDS
D. The diagnosis of ARDS cannot be made without 

additional information.

5. A 1-year-old, otherwise healthy infant requires moni-
tored anesthesia care for magnetic resonance imaging 
(MRI) to evaluate a possible tethered spinal cord. Hazards 
associated with MRI scanning for this patient include:

A. Absorption of radiofrequency energy emitted from 
the MRI machine

B. Risk of hearing loss if ear protection is not used
C. Systemic fibrosis resulting from intravenous 

gadolinium contrast
D. Ferromagnetic objects in magnet zone I

6. An otherwise healthy 1-year-old is brought to the 
operating room for unilateral repair of an inguinal her-
nia. For this patient, which of the following would be 
the most effective strategy for maintaining intraopera-
tive normothermia?

A. Fluid warmer
B. Forced air warmer
C. None; under general anesthesia, temperature 

regulation is well maintained.
D. Heat and moisture exchanger

7. Which patient is most likely to benefit from 
venous-venous extracorporeal membrane oxygenation?

A. 2-day-old with persistent pulmonary hypertension
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B. 8-year-old with cardiovascular collapse from 
anaphylaxis after administration of vecuronium

C. 3-year-old with ARDS due to influenza A
D. 19-year-old with failure to wean from 

cardiopulmonary bypass after aortic root 
replacement

8. Which of the following is most likely needed while 
anesthetizing a 2.5  kg neonate on ECMO for an open 
CDH repair?

A. Pressure control ventilation at 7–8 cc/kg at a 
respiratory rate of 35 breaths per minute

B. Intermittent dosing of 1 µg/kg of fentanyl for 
intraoperative analgesia

C. Warm ambient temperature in the operating room 
to maintain patient normothermia

D. Platelet and red blood cell transfusion

9. The organ most often shared by omphalopagus con-
joined twins is the:

A. Rectum
B. Brain
C. Heart
D. Liver

10. Which of the following is true regarding intraopertive 
management for a conjoined twin separation surgery?

A. Cross circulation between may occur between the 
twins

B. Temperature control is easily managed with 
controlling the temperature of the operating room

C. One anesthesiologist can care for both patients
D. One central line in Twin A is adequate access for 

resuscitation of both twins
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chaPter 25 ansWers

1. ANSWER: D

Carbon dioxide is the preferred gas for abdominal insuf-
flation due to the fact that it is not readily combustible, 
clears quickly from the peritoneum, and does not expand 
within closed spaces. Compared with older patients, 
infants absorb carbon dioxide more quickly from the 
peritoneum, presumably due to reduced peritoneal fat 
deposits and a thinner peritoneum. As a result, during 
carbon dioxide insufflation, end-tidal and alveolar carbon 
dioxide increase by up to 20 mm Hg or 20%–50%, neces-
sitating an increase in minute ventilation in order to main-
tain acid-base homeostasis. If minute ventilation is not 
adjusted, the subsequent hypercardia can trigger spontane-
ous respirations in the nonparalyzed patient. If insuffla-
tion pressures exceed venous pressure, massive carbon 
dioxide embolism can occur with devastating hemody-
namic consequences.

In addition to the effects listed, laparoscopic sur-
gery can have significant impact on many different organ 
systems.

Pulmonary
• Cephalad displacement of the diaphragm leading 

to preferential ventilation in the nondependent 
portions of the lung that may result in V/Q mismatch. 
The pneumoperitoneum in conjunction with 
Trendelenberg positioning may also convert the 
position of the endotracheal tube (ETT) from being 
mid-tracheal to a bronchial position.

• Decreased pulmonary and thoracic compliance, vital 
capacity (VC), functional residual capacity (FRC), 
and closing volume. This decrement in FRC can also 
lead to small airway closure and subsequent hypoxemia 
from V/Q mismatch. The change in pulmonary 
compliance necessitates higher peak inspiratory 
pressures. Placing the patient in Trendelenberg will 
further compromise ventilatory mechanics.

• Potential pneumothorax and pneumomediastinum, 
especially during surgeries such as fundoplication or 
hiatal hernia repair where esophageal dissection could 
result in passages for insufflation gases to cross the 
diaphragm.

Cardiovascular
• With abdominal insufflation, there is a biphasic 

effect on venous return and cardiac output (CO). At 
lower insufflation pressures, the splanchnic circulation 
is compressed, leading to increased venous return while 
higher pressures lead to inferior vena cava compression 
and decreased venous return and CO. In children 

and infants insufflation to pressures of 10–13 mm Hg 
decreased CO by roughly 13%, although not many 
changes were noted at intraabdominal pressures of 
5 mm Hg.

• Body positioning, particularly head-up positions, can 
further decrease venous return and CO.

Central Nervous System
• The interaction of increased intraabdominal pressure, 

hypercarbia, and head-down position can all result in 
marked increases in intracranial pressure. Therefore, 
the use of laparosopy for abdominal surgery 
should be thoughtfully considered in any patient 
with elevated intracranial pressure or an existing 
ventriculoperitoneal shunt.

Renal Function
• 88% of infants and 33% of children develop oliguria 

or anuria during laparoscopic abdominal surgery. 
The etiology of this phenomenon is multifactorial and 
includes direct effects of intraabdominal insufflation on 
kidney perfusion with resultant antidiuretic hormone 
and endothelin release, both of which lead to decreased 
urine output. These changes resolve after several hours 
of desufflation, and fluid loading patients solely on 
the basis of decreased urine output without any other 
clinical markers of hypovolemia may result in fluid 
overload.

K E Y FAC T S

• Infants absorb carbon dioxide much more readily than 
older patients from the peritoneum during abdominal 
insufflation.

• Abdominal insufflation and hypercarbia can have 
significant effects on multiple organ systems.
• Decreased pulmonary and thoracic compliance, VC, 

FRC, and closing volume
• Biphasic effect on venous return and cardiac output
• Potential for increased intracranial pressure
• Oliguria/anuria
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2 .  A N S W E R :  D

Although vascular anomalies can be treated with a variety 
of methods, chemical sclerotherapy is often utilized. The 
agents commonly used to induce chemical sclerosis include 

 

 

 

 

 

 

 



632  •   clInIcal scIence of anesthesIa

absolute ethanol (99.9% alcohol), sodium tetradecyl sulfate 
(STS), doxycycline, and bleomycin. Agents such as ethanol 
and STS can result in hemolysis in a dose-dependent 
manner, and in scenarios that involve treatment of 
extremities, hemoglobinuria manifests only after tour-
niquet release. If hematuria is noted, in addition to gener-
ous fluid hydration, often a sodium bicarbonate infusion is 
initiated to alkalinize urine and minimize the potential for 
hemoglobin to precipitate in the renal tubules.

In addition to development of gradual hemolysis, with 
ethanol use there is a rare, but significant risk of car-
diovascular collapse. The mechanism for this sudden 
collapse is not well elucidated, but it has been reported to 
occur when there is release of ethanol directly into the sys-
temic venous system and likely involves abrupt increases in 
pulmonary artery pressure and right heart failure. Ethanol 
can also be associated with significant nausea and vomiting 
and can cause dose-related intoxication that is independent 
of the type or location of the lesion. Given the potential 
for intoxication with ethanol treatment, clinicians 
should be cognizant of the synergistic effects on respi-
ratory depression that ethanol can have with opioids.

Though many patients with vascular malformations can 
have underlying coagulation disturbances, both ethanol 
and STS use for sclerotherapy have been associated with 
the development of coagulation abnormalities. Patients 
with preexisting coagulopathy may require a hematology 
consultation prior to any intervention, while patients who 
develop a coagulation abnormality as a result of sclero-
therapy rarely require intervention as the coagulopathy 
is usually self-limited and not clinically relevant.

It should be noted that there is the possibility of sig-
nificant complications with sclerotherapy and emboli-
zation procedures, and there have been reports of highly 
morbid events such as stroke, cerebral abscess, and pulmo-
nary embolism during the perioperative period. Vascular 
malformations often involve the face and airway, and if 
there is any evidence of undue airway swelling at the 
conclusion of the procedure despite taking measures to 

optimize venous drainage (i.e., head-up position, mini-
mizing valsalva), the patient should remain intubated 
until there is clinical improvement in swelling. Even 
when swelling has subsided, if there is any concern that the 
patient may not be able to maintain airway patency fol-
lowing extubation, the patient should be transferred to the 
main operating room for extubation.

K E Y FAC T S

• Ethanol and STS can result in hemolysis in a dose-
dependent manner.

• Ethanol use can be associated with rare, but significant 
risk of cardiovascular collapse.

• Ethanol and STS can be associated with development 
of coagulopathy that is usually self-limited and not 
clinically relevant.

• Ethanol treatment can cause intoxication and synergistic 
respiratory depression with opioids.

• Treatment for vascular anomalies involving the airway 
can result in significant swelling that may preclude safe 
extubation at the end of the procedure.
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3 .  A N S W E R :  C

This patient meets criteria for bronchopulmonary dysplasia 
(BPD). BPD is a form of chronic lung disease associated 
with many factors, including prematurity, mechani-
cal ventilation, and oxygen toxicity. BPD is defined in 
Table 25.1.

Table 25 .1 BronchoPulMonary dysPlasIa (BPd)

gestational age <32 weeks ≧32 weeks

time of assessment 36 weeks PMa or discharge to home, whichever 
comes first

>28 days but <56 days postnatal age or discharge to home, 
whichever comes first

treatment with oxygen >21% for at least 28 days plus

Mild BPd Breathing room air at 36 weeks post-menstrual age 
(PMa) or discharge, whichever comes first

Breathing room air by 56 days postnatal age or discharge, 
whichever comes first

Moderate BPd need for <30% oxygen at 36 weeks PMa or 
discharge, whichever comes first

need for <30% oxygen at 56 days postnatal age or 
discharge, whichever comes first

severe BPd need for ≥30% oxygen and/or positive pressure 
(PPv or ncPaP) at 36 weeks PMa or discharge, 
whichever comes first

need for ≥30% oxygen and/or positive pressure (PPv or 
ncPaP) at 56 days postnatal age or discharge, whichever 
comes first
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Prior to the introduction of surfactant therapy, the prom-
inent findings of BPD, also called “old BPD,” were airway 
injury, inflammation, and parenchymal fibrosis due to oxygen 
toxicity and chronic mechanical ventilation. With the insti-
tution of surfactant treatment, the primary pathologic find-
ing of “new BPD” is secondary to disruption of normal lung 
development, leading to fewer and larger alveoli and reduced 
surface area for gas exchange. Even with surfactant therapy, 
patients with severe BPD can manifest signs of “old BPD.”

In BPD patients who require mechanical ventila-
tion, lung-protective ventilation with small tidal vol-
umes, positive end-expiratory pressure (PEEP), and if 
necessary permissive hypercapnia should be utilized to 
avoid additional lung injury. Patients with BPD typically 
develop obstructive pulmonary disease and airway hyper-
reactivity that may require a lower I:E ratio and treatment 
for any acute increases in airway resistance. Ventilatory 
parameters should also take into account potential chronic 
hypercapnia and metabolic compensation.

BPD patients are also managed with fluid restriction 
and diuretics to minimize pulmonary edema and opti-
mize pulmonary compliance. Intraoperative management 
should avoid excess fluids that could lead to a deterioration 
in lung function. If the patient is on chronic diuretic ther-
apy, electrolytes should be checked and corrected as needed 
prior to presenting to the operating room.

Pulmonary hypertension (PH) is often a sequelae of 
BPD, with a prevalence of up to 25%–35%, and is thought 
to occur as a result of disrupted development of the pulmo-
nary circulation leading to ventilation/perfusion mismatch, 
hypoxemia, and increased pulmonary vascular resistance 
and reactivity. In particular, continued need for ventilatory 
support, oxygen requirement out of proportion to presumed 
lung disease, cyanotic episodes, failure to thrive, and chronic 
hypercarbia are often associated with PH; echocardiography 
should be performed to assess for PH in BPD patients.

K E Y FAC T S

• BPD is a form of chronic lung disease associated with 
many factors, including prematurity, mechanical 
ventilation, and oxygen toxicity.

• Mechanical ventilation for patients with BDP should 
employ lung-protective ventilation with low tidal 
volumes, PEEP, and permissive hypercapnia.

• PH is often a sequelae of BPD, with a prevalence of up to 
25%–35%.

• Echocardiography should be performed to assess for PH 
in BPD patients.
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4 .  A N S W E R :  D

Based on the information given, it is possible that the patient 
can have other etiologies of respiratory failure than ARDS.

The Berlin definition of ARDS requires that all of 
the following criteria be present to diagnose ARDS:

1. Respiratory symptoms must have begun within 
1 week of a known clinical insult, or the patient 
must have new or worsening symptoms during the 
past week.

2. Bilateral opacities consistent with pulmonary edema 
must be present on a chest radiograph or computed 
tomographic (CT) scan. These opacities must not be 
fully explained by pleural effusions, lobar collapse, 
lung collapse, or pulmonary nodules.

3. The patient’s respiratory failure must not be fully 
explained by cardiac failure or fluid overload. 
An objective assessment to exclude hydrostatic 
pulmonary edema is required if no risk factors for 
ARDS are present.

4. A moderate to severe impairment of oxygenation 
must be present, as defined by the ratio of arterial 
oxygen tension to fraction of inspired oxygen (PaO

2
/

FiO
2
).

The degree of hypoxemia defines the severity 
of ARDS:

• Mild ARDS—The PaO
2
/FiO

2
 is >200 mm Hg, but 

≤300 mm Hg, on ventilator settings that include 
positive end-expiratory pressure (PEEP) or continuous 
positive airway pressure (CPAP)

• Moderate ARDS—The PaO
2
/FiO

2
 is >100 mm Hg, but 

≤200 mm Hg, on ventilator settings that include PEEP 
≥5 cm H

2
O

• Severe ARDS—The PaO
2
/FiO

2
 is ≤100 mm Hg on a 

ventilator setting that includes PEEP ≥5 cm H
2
O.

This patient would need to also have criteria 2 and 3 
present to meet the diagnostic requirements for ARDS. If 
these two conditions were met, the patient would be classi-
fied as having moderate ARDS (PaO

2
/FiO

2
 = 180 mm Hg 

on PEEP of 5 cm H
2
O).

Perioperative care of patients with ARDS should not 
only include continued treatment for the primary etiol-
ogy for the development of ARDS (i.e., sepsis, aspiration 
pneumonitis, trauma, transfusion related, etc.) but also, 
whenever possible, continue the supportive care measures 
initiated in the intensive care unit (ICU). These support-
ive measures include lung-protective ventilatory strate-
gies, limiting FiO

2
 when feasible, conservative fluid 
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management in the absence of hypotension or other organ 
system dysfunction, and glycemic control. In addition, the 
operating room team should receive structured handover 
from the ICU care team in order to obtain updated, com-
prehensive, and individualized goals of care for the patient.

K E Y FAC T S

• The degree of hypoxemia defines the severity of 
the ARDS.

• Mechanical ventilation for patients with ARDS should 
employ lung-protective ventilation with low tidal 
volumes, PEEP, and permissive hypercapnia.

• Anesthetic care should aim to continue (1) supportive 
care measures initiated in the ICU and (2) treatment for 
the primary etiology of ARDS.
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5 .  A N S W E R :  B

Due to the inability for many children to cooperate with 
the need for the degree of immobility necessary for an effec-
tive MRI scan, anesthesia is frequently needed to obtain 
optimal imaging conditions and is fraught with many 
challenges. The MRI scanners are often far away from the 
support of the main operating rooms, and the require-
ment for an MRI-compatible environment can result 
in anesthesia equipment and workspace configuration 
that is significantly different from that of the normal 
operating room.

Though body surfaces absorb radio frequency energy 
that can result in minimal increases in body tempera-
ture, the MRI field is not believed to lead to direct bio-
logic injury. However, there are many potential dangers 
for patients and medical personnel while in the active zone 
of the MRI magnet. Cycling the MRI radiofrequency gen-
erators on and off produces noise in excess of 90 decibels, 
and all persons within the scanning room are required 
to wear ear protection. Due to electromagnetic induction, 
monitoring wires can generate heat and lead to poten-
tial patient thermal injury. However, the gravest risk of 
the MRI environment is the potential for any ferromag-
netic object, including implanted biologic devices, to 
act as a projectile if placed in close enough proximity to 
the magnet. Because of these risks, the MRI work area is 
typically divided into four zones that serve to restrict access 
to the magnet room.

Zone I: Freely accessible to the public

Zone II:  Typically the interface area between zone I, 
which is accessible to the public and zone III. Often this 
is where patient intake, history, and examination are per-
formed. Movement of non-MRI personnel is supervised by 
MRI personnel.

Zone III: The area within which the introduction of fer-
romagnetic objects may form a hazard.

Zone IV:  The scanner room, which is generally physi-
cally separated from zone III. Ferromagnetic objects in this 
zone have the potential to act as dangerous projectiles.

Regarding Answer C, nephrogenic systemic fibrosis 
(NSF) is associated with the administration of intravenous 
gadolinium. The primary risk factor for developing NSF is 
renal failure.

K E Y FAC T S

• Anesthesia equipment and workspace configuration 
in the MRI suite can be significantly different from 
that of the normal operating room and can complicate 
patient care.

• The MRI field is not believed to lead to direct biologic 
injury.

• Patients with renal failure can be at risk for nephrogenic 
systemic fibrosis with administration of gadolinium 
contrast.

• Noise from the MRI scanner can lead to hearing damage 
in the absence of hearing protection.

• The greatest risk of the MRI environment is the 
potential for any ferromagnetic object to act as a 
projectile if placed in close enough proximity to the 
magnet.

references
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6 .  A N S W E R :  B

Normally, core body temperature is maintained within a 
very narrow range of a few tenths of a degree of normal body 
temperature. In response to hypothermia, behavioral (put-
ting on extra warm clothing or moving to a warmer envi-
ronment) or autonomic changes are initiated in an attempt 
to maintain normothermia. The first autonomic response 
of the body to hypothermia is to vasoconstrict acral regions 
of the body (fingers and toes) in order to conserve core 
heat. If despite vasoconstriction, temperature continues to 
decline, older children and adults begin to shiver, which can 
increase basal heat production by 50%–100%. Neonates 
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and infants do not have adequate muscle mass for shiv-
ering to result in clinically significant heat produc-
tion, but instead rely on nonshivering thermogenesis of 
“brown fat” located in the perirenal and subscapular areas 
of the body to augment heat production. Nonshivering 
thermogenesis is not thought to meaningfully contribute to 
thermoregulation in adults and older children.

Under the influence of general anesthesia, there is 
a characteristic decline in temperature. Initially, with 
the induction of anesthesia, vasodilation occurs and with 
this the central core compartment expands to include parts 
of the periphery that are at a cooler temperature, result-
ing in a net decrease in core temperature. In addition, 
under anesthesia, thermoregulatory defense mechanisms 
such as behavioral responses and, if muscle relaxants are 
used, autonomic responses such as shivering are not avail-
able. Further predisposing patients to hypothermia 
is the fact that in the thermoregulatory mechanisms 
that remain, the temperature set point at which they 
are initiated occurs at a lower temperature than in the 
awake state.

Even mild hypothermia is associated with adverse 
side effects. With the return of consciousness, the set 
point for thermoregulatory mechanisms reverts to those of 
the normal awake state, and postoperatively hypothermic 
patients often begin shivering and report significant ther-
mal discomfort. Mild intraoperative hypothermia has also 
been associated with increased rates of wound infections, 
impaired wound healing, and increased surgical bleed-
ing due to altered coagulation secondary to hypothermia. 
Lastly, hypothermia can increase the plasma concentrations 
of certain intravenous drugs and prolong the action of mus-
cle relaxants.

Though patients are susceptible to intraoperative heat 
loss, core temperature can be maintained through read-
ily available measures. The majority of heat transfer 
from the body is through cutaneous losses and can be 
greatly decreased by the use of radiant heat warmers, 
warm blankets, and particularly forced air warmers. 
Administering room-temperature fluids and refrigerated 
blood products can reduce core body temperature, and 
warming these fluids, as well as fluids used for irrigation 
and moist packing, to body temperature prior to admin-
istration can prevent heat loss. Children have a much 
higher minute ventilation/kilogram ratio than adults, 
and therefore they lose a higher proportion of heat in 
humidifying and heating dry-cool air from the anesthesia 
circuit. Simply reducing fresh gas flows and utilizing a 
heat and moisture exchanger (HME) can significantly 
reduce respiratory heat losses. Patients also experience 
radiative, convective, and conductive heat transfer due to 
the lower temperature of the surrounding operating room 
environment, and raising the ambient temperature can 
mitigate these losses.

K E Y FAC T S

• Neonates and infants rely on nonshivering 
thermogenesis with “brown fat” rather than shivering to 
increase heat production.

• Even mild hypothermia is associated with adverse side 
effects.

• The majority of heat transfer is through cutaneous  
losses.
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7.  A N S W E R :  C

ECMO can provide long-term cardiopulmonary support. 
There are two types of ECMO: venovenous (VV), which 
provides only pulmonary support (gas exchange), and 
venoarterial (VA), which provides both pulmonary and 
hemodynamic support (Table 25.2).

Clinical indications for EMCO include hypoxemic 
respiratory failure, hypercapnic respiratory failure, refrac-
tory cardiogenic shock, cardiac arrest, failure to wean from 
cardiopulmonary bypass, and as a bridge to longer term sup-
port such as lung/heart transplant or placement of a ven-
tricular assist device. In neonates the following disease 
states may be treated with ECMO: meconium aspiration 
syndrome, respiratory distress syndrome (RDS), sepsis, per-
sistent pulmonary hypertension of the newborn (PPHN), 
and congenital diaphragmatic hernia.

Answer C is the only instance in which the patient 
would not require cardiovascular support in addition to 
pulmonary support.

K E Y FAC T S

• There are two types of ECMO: VV, which provides 
only pulmonary support (gas exchange), and VA, which 
provides both pulmonary and hemodynamic support.

• Clinical indications for EMCO include hypoxemic 
respiratory failure, hypercapnic respiratory failure, 
refractory cardiogenic shock, cardiac arrest, failure to 
wean from cardiopulmonary bypass, and as a bridge to 
longer term support such as lung/heart transplant or 
placement of a ventricular assist device.

• In neonates the following disease states may be 
treated with ECMO: meconium aspiration syndrome, 
RDS, sepsis, PPHN, and congenital diaphragmatic 
hernia.
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8 .  A N S W E R :  D

Extracorporeal membrane oxygentation (ECMO) 
provides long-term mechanical pulmonary and cardiac 
support.

The major components of an ECMO machine are a 
roller pump/centrifugal pump, oxygenator, heat exchanger, 
tubing, and bladder reservoir.

While on ECMO patients need to be anticoagulated 
to prevent clotting of the ECMO circuit and also to 

reduce the risk of thromboembolism. Therefore, any 
condition that would be devastating with initiation of 
anticoagulation such as intracerebral hemorrhage would 
be a contraindication to ECMO. Other potential con-
traindications to ECMO are irreversible respiratory/
cardiac failure where transplant or long-term assist 
device (VAD) is not possible, extremes in age, signifi-
cant neurologic dysfunction, or other coexisiting termi-
nal disease. Additionally, the ECMO circuit activates 
platelets leading to thrombocytopenia, usually requir-
ing transfusion.

Since the work of oxygenation and CO
2
 removal is 

being done by the ECMO machine, the goal of patient ven-
tilation should be to provide lung rest. This means that the 
patient’s ventilation should be with low tidal volumes and 
at low rates.

Fluid management should take into account the addi-
tional volume required by the ECMO circuit; for exam-
ple, the volume of the ECMO circuit in a neonate may be 
400–500 mL, which can be 1–2 times the patient’s own 
blood volume. Drug dosing may be challenging due to the 
increased volume, but there is also variable absorption of 
drugs by the ECMO tubing. This can lead to altered and 

Table 25 .2 extracorPoreal MeMBrane oxygenatIon (ecMo)

VA ECMO V V ECMO

cannulation site vein
- Internal jugular
- femoral artery

axillary:
- right common carotid
- femoral
- aorta

single cannulation
-Internal jugular
- right atrium

double cannulation
- Jugular-femoral
- femoro-femoral
- sapheno-saphenous

arterial Pao
2

60–150 mm hg 45–80 mm hg

Indicators of o
2
 

sufficiency
Mixed venous oxygen consumption 
(msvo

2
)

Pao
2

calculated oxygen consumption

sao
2
 and Pao

2

cerebral venous saturation
Pre-membrane saturation trend

cardiac effects Preload: decreased
afterload: increased
Pulse pressure: lower
cvP: varies
coronary o

2
: varies

lv blood desaturated
cardiac stun syndrome

May reduce rv afterload
rest unaffected

o
2
 delivery capacity high Moderate

circulatory support Partial to complete no direct support, increased o
2
 delivery to  

coronary and pulmonary circuit → improving  
cardiac output

ECMO, extracorporeal membrane oxygenation; VA, veno-arterial; VV, veno-venous.
SOURCE: From Chauhan S, Subin S. Extracorporeal membrane oxygenation, an anesthesiologist’s perspective: physiology and 
principles. Part 1. Ann Card Anaesth. 2011;14:218–2.
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unpredictable drug pharmacokinetics. Lipophilic drugs 
such as midazolam and fentanyl seem to have the greatest 
sequestration by the ECMO circuit.

K E Y FAC T S

• ECMO provides long-term mechanical pulmonary and 
cardiac support.

• The major components of an ECMO machine are 
a roller pump/centrifugal pump, oxygenator, heat 
exchanger, tubing, and bladder reservoir.

• Any condition that would be devastating with initiation 
of anticoagulation such as intracerebral hemorrhage 
would be a contraindication to ECMO.

• Other potential contraindications to ECMO are 
irreversible respiratory/cardiac failure where transplant 
or long-term assist device (VAD) is not possible, 
extremes in age, significant neurologic dysfunction, or 
other coexisiting terminal disease.

references

Chauhan S, Subin S. Extracorporeal membrane oxygenation, an anes-
thesiologist’s perspective:  physiology and principles. Part  1. Ann 
Card Anaesth. 2011;14:218–29.

Chauhan S, Subin S. Extracorporeal membrane oxygenation—an anes-
thesiologist’s perspective—part II:  clinical and technical consider-
ation. Ann Card Anaesth. 2012;15:69–82.

Dalton HJ, Menon S, Extracoporeal life support. In: Fuhrman BP, 
Zimmerman JJ, eds. Pediatric Critical Care. 4th ed. Philadelphia, 
PA: Saunders Elsevier; 2011:717–737

Mossad EB, Motta P, Rossano J, Hale B, Morales DL. Perioperative 
management of pediatric patients on mechanical cardiac support. 
Paediatr Anaesth. 2011;21(5):585–93.

Shekar K, Roberts JA, McDonald CI, et al. Sequestration of drugs in 
the circuit may lead to therapeutic failure during extracorporeal 
membrane oxygenation. Crit Care. 2012;16(5):R194.

Conjoined twins are named by the anatomic location 
of their connection followed by the Greek suffix –pagus, 
which means fixed or joined. The five major categories 

are listed in Table 25.3 and listed from most to least 
common.
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9.  A N S W E R :  D

Depending on the connections and shared structures of 
conjoined twins, the amount of cross circulation that 
occurs between the two patients will be variable. Cross 
circulation can have an impact on fluid management, 
drug dosing/drug effects, and on hemodynamics. Prior 
to undergoing separation, there should be an understand-
ing of cross circulation and also how fluids and medications 
delivered to one twin will effect the other. During and after 
separation, significant hemodynamic alterations may 
occur as there is less and less cross communication. Even 
if there is significant cross circulation, each twin requires 
both arterial and venous access because cross circulation 
will be variable as the separation progresses and there will 
likely be significant fluid and blood product requirements 
throughout the surgery.

Temperature management during conjoined 
twin separation can be challenging. A  large percent-
age of the patients’ body surface area will be exposed. 
Any surfaces not included in the surgery should be 
wrapped and insulated as much as possible to prevent 
heat loss. Warm f luids and increasing the oper-
ating room temperature can also help maintain 
normothermia .

Extensive planning should precede the surgical separa-
tion. All team members should participate in simulated dry 
runs of the surgery so that everyone has a clear understanding 
of the setup and sequence of events. Each twin should have a 

Table 25 .3 fIve MaJor categorIes of anatoMIc locatIon of connectIon BetWeen 
conJoIned tWIns

NAME ROOT MEANING POSSIBLE SHAR ED STRUCTUR ES

Thoracopagus “chest” Pericardium, heart, upper gI tract, liver and biliary system
It is common for these patients to have congenital heart defects

omphalopagus or xiphopagus “umbilicus” liver and biliary system and upper gI tract

Pygopagus “rump” lower gI tract, genitourinary system, nervous system

Ischiopagus “hip” liver and biliary system, upper gI tract, lower gI tract, urogenital system

craniopagus “helmet” Brain and other portions of the nervous system

Note. Thoracopagus and omphalopagus can occur together.

Source: From Spitz L, Kiely EM, Pierro A. Conjoined Twins. In: Coran AG, ed. Pediatric Surgery. 7th ed. Philadelphia, PA: Saunders Elsevier; 2012:1725–38.
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complete operating room team assigned to him or her; this 
includes nurses, anesthesiologists, and after separation, sur-
geons. Often, assigning a color to each twin helps keep teams, 
equipment, and medications separate during separation.

K E Y FAC T S

• Cross circulation can have an impact on fluid management, 
drug dosing/drug effects, and on hemodynamics.

• Temperature management can be challenging, and warm 
fluids and increasing the operating room temperature 
can help maintain normothermia.
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26.

POSTOPER ATI V E PER IOD

Laura A. Downey, Herodotos Ellinas, and Aykut Bilge

1. Which patient has the highest risk of postoperative 
nausea and vomiting (PONV)?

A. 3-year-old male for bilateral hernia repair with 
sevoflurane and caudal block

B. 4-year-old female for laparoscopic appendectomy 
with sevoflurane

C. 20-month-old female for myringotomy tube 
placement with sevoflurane

D. 3-year-old male for laparoscopic orchidopexy with 
sevoflurane

2. The most effective prophylaxis for postoperative nau-
sea and vomiting in pediatric patients is:

A. Ondansetron
B. Droperidol
C. Transdermal scopolamine
D. Metoclopramide

3. Which of the following is a discharge criterion for 
pediatric ambulatory patients?

A. Pain controlled by oral pain medications
B. Blood pressure +/– 30 mm Hg  

pre-procedure level
C. Able to tolerate PO intake
D. Observation for 60 min after flumazenil 

administration

4. Which patient is most appropriate to undergo bilat-
eral hernia repair under general anesthesia in an ambu-
latory setting (discharge home after postanesthesia care 
unit [PACU] stay)?

A. Gestational age 32 weeks, postconceptual age 
56 weeks

B. Gestational age 34 weeks, postconceptual age 
54 weeks

C. Gestational age 28 weeks, postconceptual age 
44 weeks

D. Gestational age 35 weeks, postconceptual age 
44 weeks

5. Which risk factor most likely contributes to postop-
erative apnea in a preterm infant?

A. Anemia
B. Postconceptual age
C. Type of anesthetic
D. History of lung disease

6. What is the incidence of postintubation stridor in 
pediatric patients under age 5 years after undergoing a 
general anesthetic with an endotracheal tube?

A. 1%–5%
B. 8%–12%
C. 16%–20%
D. 24%–29%

7. There is a 2-year-old boy with a history of severe 
cerebral palsy and developmental delay in the PACU. 
Which method is the best for appropriately assessing 
this patient’s pain level?

A. Numerical Rating Scale
B. Wong Baker Faces Pain Rating Scale
C. Face, Legs, Activity, Cry, Consolability Scale
D. McGill Pain Scale Tool

8. What age group is at the highest incidence for emer-
gence agitation?

A. 0–1 years
B. 1–3 years
C. 2–9 years
D. 8–14 years
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9. Which of the following is most likely associated with 
emergence agitation?

A. Orchidopexy
B. Preoperative anxiety
C. Age <2 years
D. Parent present induction (PPI)

10. Which of the following is most likely to reduce the 
risk of emergence agitation?

A. Ketamine
B. Preoperative midazolam
C. Nitrous oxide
D. Dexmedetomidine

11. Which of the following is a risk factor for postopera-
tive emergence agitation?

A. Fentanyl
B. Sevoflurane
C. Ketamine
D. Nitrous oxide

12. What percentage of children under 6 years old with 
obstructive sleep apnea (OSA) develops a postoperative 
respiratory complication?

A. 72%–86%
B. 40%–54%
C. 18%–32%
D. 4%–11%

13. Which feature of children with OSA suggests that 
they will require a reduction in morphine dose due to 
increased sensitivity to opiates?

A. Body mass index >30 kg/m2

B. Apnea-hypopnea index of 5–7 events/hr
C. O

2
 desaturation nadir less than 85%

D. Age <3 years old

14. Which of the following patients is eligible for 
same-day discharge following tonsillectomy?

A. 2-year-old, Apnea-Hypopnea Index (AHI) of 3 
events/hour, heterozygous Factor V Leiden

B. 2-year-old, AHI of <3 events/hour, body mass 
index 30

C. 2-year-old, AHI <3 events/hour, no vomiting for 
2 hours

D. 3-year-old, AHI <3 events/hour, family history of 
von Willebrand’s disease

15. What is considered the most appropriate treatment 
for postextubation croup?

A. Administration of antibiotics
B. Administration of racemic epinephrine
C. Reintubation
D. Chest X-ray

16. A  5-year-old child is having a magnetic resonance 
scan (MRI) scan with a propofol infusion. The child is 
breathing spontaneously, is not responding to verbal or 
tactile stimuli, but is purposefully responding to pain-
ful stimulation. How would you classify the level of 
sedation/anesthesia in this child?

A. Minimal sedation
B. Moderate sedation
C. Deep sedation
D. General anesthesia

17. A 5-year-old child is in the state of emergence agita-
tion in the recovery room following a minor procedure. 
Which of the following management options is most 
likely to prevent emergence agitation?

A. Intraoperative dexmedetomidine
B. Intraoperative sevoflurane
C. Intraoperative desflurane
D. Parental presence in recovery room

18. Which one of the following statements correctly 
represents the diagnosis?

A. It resolves in 1 to 2 hours with no intervention.
B. It is not associated with any harm.
C. Its highest incidence is between 8 and 12 years of age.
D. Its risk is increased with preoperative anxiety.
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chaPter 26 ansWers

1. ANSWER: D

Incidence of PONV varies between 8% and 50%. 
Eberhart noted the following risk factors for PONV: sur-
gery lasting longer than 30 minutes, age older than 
3 years, family or patient history of PONV, and tonsil 
or strabismus surgery. Additionally, the peak incidence of 
PONV in pediatric patients is between 34% and 50% in 
school-aged children as compared with adults, and it can 
be intractable in up to 3% of pediatric patients. A  follow 
up study, excluding patients undergoing strabismus surgery, 
by Kranke et al demonstrated the incidence of postopera-
tive vomiting was 3.8%, 11.6%, 28.2%, and 42.3%, respec-
tively if zero, one, two, or three risk factors were present. 
Additional risk factors related to surgery, anesthesia, and 
patient factors are listed in Table 26.1. The 3-year-old male 
undergoing laparoscopic orchidopexy with a volatile anes-
thetic has four potential risk factors that make him the 
highest risk for PONV.

K E Y FAC T S

• Incidence of PONV varies between 8% and 50%.
• Risk factors for PONV: surgery lasting longer than 30 

minutes, age older than 3 years, family or patient history 
of PONV, and tonsil or strabismus surgery.

• The peak incidence of PONV in pediatric patients is 
between 34% and 50% in school-aged children.
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2 .  A N S W E R :  A

The most common medications for treatment and prophy-
laxis are currently the HT3-antagonists (ondansetron 
and granisetron) and dexamethasone, especially when 
used in combination. While as effective as ondanse-
tron, droperidol should only be used in children if other 
therapies have failed due to a rare association with tors-
ade de pointes from undiagnosed prolonged QT interval. 
Dose-response studies of ondansetron suggest that for 
maximal efficacy, prophylactic doses of 0.1–0.15 mg/kg  
up to 4 mg should be administered. Dexamethasone 
is effective for PONV prophylaxis, usually at a dose of 
0.25 mg/kg. Metoclopramide is a weak anti-emetic and at 
low doses is not effective at reducing POV. At higher doses, 
it may be as effective as ondansetron or dexamethasone, 
but the side effect profile of extrapyramidal effects make 
this a second-line therapy. Transdermal scopolamine is 
an appropriate prophylactic antiemetic for adult patients 
or pediatric patients over 12  years old. The transdermal 
patch is 1.5 mg/disc and as a transdermal medication, it 
is not approved for patients under 40 kg. For prophylactic 
antiemetic doses in children, the IV, IM, or subcutaneous 
scopolamine doses are 6 µg/kg per dose with a maximum 
of 0.3 mg/dose that can be repeated every 6–8 hours. Side 
effects of anticholinergics include sedation, blurry vision, 
constipation, and dry mouth, which may be undesirable.

Current ASA guidelines recommend 1)  reducing 
baseline risks (avoidance/reduction of volatile anesthet-
ics, nitrous oxide and post-op opioids), 2) multimodal 
approach with more than 2 interventions for high risk 
pediatric patients, 3)  and using a different class of 
anti-emetic if prophylaxis fails. For patients with mul-
tiple risk factors for PONV, several studies suggest that 
a combination of dexamethasone and ondansetron is 
the most effective in preventing PONV. Finally, using 

TA BL E 26 .1 addItIonal rIsK factors for PostoPeratIve nausea and voMItIng related 
to surgery, anesthesIa, and PatIent factors

SURGICAL FACTORS ANESTHETIC FACTORS PATIENT FACTORS

adenotonsillectomy volatile agents Prior history of Ponv

Middle ear surgery use of nitrous oxide history of motion sickness

testicular surgery use of opioids age over 2 years

laparoscopic surgery Insufflation of the stomach (difficult mask) girls > boys (postmenarche)

Insufflation of the bowel (endoscopy) reversal of neuromuscular blockade

surgery longer than 30 min unrelieved pain

SOURCE: Adapted from Polaner D. Anesthesia for same-day procedures In: Davis P, Cladis FP, Motoyama EK, eds. Smith’s Anesthesia for Infants 
and Children. 8th ed. Philadelphia, PA: Mosby Elsevier; 2011:1058–76.
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a propofol infusion to avoid volatile anesthetics or as a 
background low-dose infusion may decrease the incidence 
of PONV.

K E Y FAC T S

• The most common medications for PONV treatment 
and prophylaxis are currently the HT3-antagonists 
(ondansetron and granisetron) and dexamethasone.

• For patients with multiple risk factors for PONV, 
several studies suggest that a combination of 
dexamethasone and ondansetron was the most effective 
in preventing PONV.
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3 .  A N S W E R :  A

Pain controlled by oral medications. Pediatric ambula-
tory patients must be appropriate to be discharged from 
the recovery room using several criteria included in the 
postanesthesia recovery score. The postanesthesia recov-
ery score includes evaluation of motor activity, respira-
tory status (i.e., respirations and room air saturations), 
hemodynamic status (i.e., specifically blood pressure), 
and consciousness (Box 26.1). Each category is given 
a score and patients with scores of 9–10 are eligible to be 
discharged home unless otherwise approved by a physician. 
Patients who are planning to be discharged home have more 
strict criteria that include the following: (1) stable cardio-
vascular and respiratory status, (2)  patient is easily arous-
able and protective reflexes are intact, (3) patient can talk 
(if age appropriate), (4)  patient can sit up if age appropri-
ate, (5) patients with developmental delay should be evalu-
ated based on their preanesthetic abilities and be as close 
to normal levels as possible, (6)  nausea and vomiting are 
well controlled, (7) hydration state is adequate but does not 
necessarily mean the patient needs to take oral hydration as 
this may induce nausea/vomiting, and (8) pain is controlled 
via oral medications.

K E Y FAC T

• The postanesthesia recovery score includes evaluation 
of motor activity, respiratory status (i.e., respirations 

Box 26.1 PostanesthesIa recovery score

Motor Activity

Active voluntary motion on command = 2
Weak voluntary motion on command or any no purposeful 
motion = 1
No motion = 0

Respiration

Coughing on command or crying = 2
Maintaining good airway = 1
Airway requires maintenance = 0

Blood Pressure

BP ± 20 mm Hg of preprocedure level = 2
BP ± 20–50 mm Hg of preprocedure level = 1
BP ± 50 mm Hg of preprocedure level = 0

Consciousness

Fully awake or easily arousable on calling = 2
Responding to stimuli and presence of protective reflexes = 1
Not responding or absence of protective reflexes = 0

Room Air Saturation

100%–98% = 2
97%–95% = 1
<95% = 0

Maximum Score Equals 10

SOURCE: Modified from Blum RH. Discharge Guidelines for Ambulatory 
Surgery Patients Post Anesthesia Care Unit. Children’s Hospital Practice 
Guideline; 2004.Discharge Criteria (Inpatients)

1. Recovery of airway and respiratory reflexes adequate to 
support gas exchange and to protect against aspiration of 
secretions, vomitus, or blood.

2. Stability of circulation and control of any surgical 
bleeding.

3. Absence of anticipated instability in above categories 
1 and 2.

4. Reasonable control of pain and vomiting.

5. Appropriate duration of observation after narcotic or 
naloxone/flumazenil administration (a minimum of 60 
minutes after intravenous naloxone and up to 2 hours 
following flumazenil).

Additional Criteria (Outpatients)

1. Cardiovascular function and airway patency are 
satisfactory and stable.
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and room air saturations, hemodynamic status (i.e., 
specifically blood pressure), and consciousness.
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4 .  A N S W E R :  A

Premature and former premature infants are at risk for 
developing postoperative apnea after elective surgery, and 
most centers agree that preterm patients born at less than 
36 weeks gestational age should be admitted overnight 
for observation if the postconceptual age (PCA = gesta-
tional age + postnatal age) is <56 weeks. Postoperative 
apnea is defined as cessation of breathing for 20 seconds 
or more. Prematurity is defined as birth before 37 weeks 
gestation. While there appear to be several contributors to 
postoperative apnea, including hypoglycemia, hypoxia, 
hypothermia, anemia, and hypocalcemia, it is thought 

that preterm infants have a less developed central nervous 
system that is more susceptible to residual anesthesia in the 
postoperative period. Several studies have sought to eluci-
date a clear time point when preterm patients are beyond 
the risk for postoperative apnea. Most studies have found 
an inverse relationship between postconceptual age and the 
incidence of apnea. A meta-analysis to stratify the postop-
erative apnea risk, found that PCA required to reduce the 
risk to less than 1% with 95% confidence was 54 weeks in 
infants born at 35 weeks gestational age and 56 weeks 
for preterm infants born before 32 weeks gestation. 
While this is somewhat dependent on the type of surgery, 
the patient’s gestational age and postconceptual age, hema-
tocrit, and current cardiorespiratory function, it is felt that 
preterm infants (gestational age <36 weeks) who are less 
than postconceptual age of 56 weeks should be observed for 
12–24 hours postoperatively.

K E Y FAC T S

• Preterm patients born at less than 36 weeks gestational 
age should be admitted overnight for observation if the 
postconceptual age (gestational age + postnatal age) is 
<56 weeks.

• Risk factors for postoperative apnea inclulde 
hypoglycemia, hypoxia, hypothermia, anemia, and 
hypocalcemia.
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5 .  A N S W E R :  A

As discussed in the answer to question 4, ex-premature 
infants are at increased risk for postoperative apnea after 
general anesthesia. While there are many factors that may 
contribute to the postoperative apnea, including hypoxia, 
hypothermia, anemia, hypocalcemia, cardiopulmo-
nary respiratory status, and neurologic status, it has 
been demonstrated that there is an inverse relationship 
between postconceptual age and incidence of apnea. 
However, it is thought that sedative medications used dur-
ing anesthesia may cause further central nervous system 
depression in an immature neurologic system that includes 
the respiratory center. Low dose halothane has been shown 
to depress the chemoreceptors to hypoxia. Volatile anes-
thetics may lead to prolonged periods of post-operative 
apnea as they 1)  depress normal respiratory response to 
hypoxia and hypercarbia, 2)  impair intercostal muscle 

2. The patient is easily arousable, and protective reflexes are 
intact.

3. The patient can talk (if age appropriate).

4. The patient can sit up unaided (if age appropriate).

5. For a very young or handicapped child, incapable of 
the usual expected responses, the preanesthetic level of 
responsiveness, or a level as close as possible to the normal 
level for that child should be achieved unless the child is 
to be transferred to another monitored location.

6. The state of hydration is adequate.

7. It may be permissible for parents to carry their 
children without full recovery of gait (parents must be 
advised that the child is at risk of injury if improperly 
supervised).

8. Control of pain to permit adequate analgesia via the oral 
route thereafter.

9. Control of nausea and vomiting to allow oral hydration. 
Oral hydration is not absolutely required and forcing 
fluids may result in increased vomiting in the PACU or on 
the way home.
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function and 3) reduce the functional residual capacity. As 
the risk of apnea is likely related to an interaction between 
the immaturity of the respiratory center in the brain-
stem and medications, any sedative-hypnotic agents such 
as narcotics and IV anesthetics (i.e., propofol, ketamine) are 
associated with similar risks of postoperative apnea.

K E Y FAC T S

• Factors that may contribute to the postoperative apnea 
include hypoxia, hypothermia, anemia, hypocalcemia, 
cardiopulmonary respiratory status, and neurologic 
status.

• There is an inverse relationship between postconceptual 
age and incidence of apnea.
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6 .  A N S W E R :  A

Pediatric patients requiring an endotracheal tube (ETT) 
during surgery may develop postoperative stridor. 
Depending on the paper examined, the rate of postintu-
bation stridor in pediatric patients under age 5 years with 
an endotracheal tube is estimated between 1% and 5%. 
Controversy remains whether pediatric patients should be 
intubated with a cuffed or uncuffed ETT. Traditionally, 
patients were intubated with uncuffed ETTs to achieve 
an appropriate seal to allow ventilation, but with a leak at 
peak inspiratory pressures >25  cm H

2
O. In many cases 

this required multiple laryngoscopies and tube changes. 
However, with improvements in low-pressure cuffed ETTs, 
many practitioners believe that it is less traumatic to place 
a cuffed ETT and inflate the pilot balloon to achieve an 
appropriate seal as long as the cuff pressure is <20 cm H

2
O. 

A study published in the BJA (2009) found no difference 
in postoperative stridor in a study of 2246 children (1119 
cuffed/1127 uncuffed). Postextubation stridor was noted to 
be 4.4% in patients with cuffed ETTs and 4.7% in uncuffed 
ETTs. Of note, 2.1% of patients with cuffed tubes require 
a tube change, while 30.8% of patients with uncuffed tubes 
required a tube change.

K E Y FAC T S

• Incidence of postintubation stridor in pediatric patients 
under age 5 years with an endotracheal tube is between 
1% and 5%.

• ETT tube size should ensure that there is a leak present 
at peak inspiratory pressures >25 cm H

2
O.
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7.  A N S W E R :  C

Assessing pain in pediatric patients can be challenging as 
pediatric patients can have different cognitive, verbal, and 
emotional responses depending on the patient age and the 
individual patient. Using a patient-appropriate pain assess-
ment tool is important in both assessing and treating pain. 
Several pain assessment tools have been used in pediatric 
hospitals and often rely on a combination of self-report, 
behavioral, and physiologic assessments. The most common 
self-report tool is the Numerical Rating Scale, a self-report 
pain assessment best used in patients at least of school 
age, where 0 = no pain and 10 = the worst pain you can 
imagine (Figs. 26.1–26.3). The Wong-Baker Faces Pain 
Rating Scale can be used in younger children (3–7 years of 
age) by asking the patient to point to one of the faces that 
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figure 26.1 Numerical self-report scales. (A) Horizontal Visual Analog 
Scale. (B) Vertical Visual Analog Scale. (From Malviya, Shobha. 
In: Cote CJ, Lerman J, Anderson B, eds. A Practice of Anesthesia 
for Infants and Children. 5th ed. Philadelphia, PA: Saunders 
Elsevier; 2013.)
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figure 26.2 (A) The Wong-Baker Faces Pain Scale. (B) The Bieri Faces Pain Scale. (B modified from Bieri D, Reeve RA, Champion GD, et al. 
The Faces Pain Scale for the self-assessment of the severity of pain experienced by children: development, initial validation, and preliminary 
investigation for ratio scale properties. Pain 1990;41:139–150.)

figure 26.3 Acute Pain. (From Malviya, Shobha. Practice of Anesthesia for Infants and Children, A, 43, 909–950.) Copyright © 2013, 2009, 2001, 
1993, 1986 by Saunders, an imprint of Elsevier Inc.
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reflects his or her pain. For infants, young toddlers and cog-
nitively impaired children who cannot communicate, it is 
necessary to use a scale, such as the FLACC score, which 
assesses behavioral and physiologic parameters. The FLACC 
score assesses the following:  face, legs, activity, cry, and 
consolability. The McGill Pain Questionnaire is a list of 
words grouped together to describe pain. The person ranks 
the words in each group and then the evaluator assigns a 
numerical score based on the rankings, called a Pain Rating 
Index. In this question, the patient is likely unable to ver-
bally communicate his pain level due to developmental delay 
and severe cerebral palsy. Therefore, it would be necessary to 
assess his pain using a pain scale tool that does not require 
patient participation and instead uses objective behavioral 
and physiologic parameters (FLACC).

8 .  A N S W E R :  C

Emergence agitation (EA), also called emergence delir-
ium, is a common problem seen in pediatric anesthesia. 
Depending on the inclusion criteria and particular study, 
the incidence has been reported as high as 50% of patients 
under 10 years of age. EA is defined as a “state of nonpur-
poseful restlessness and inconsolability that is often 
accompanied by thrashing, screaming, prolonged cry-
ing, and disorientation.” EA places patients at risk for 
harming themselves, recovery room staff, or caregivers. 
EA often prolongs the PACU stay and may tie up staff to 
care for these patients. Several factors have been identified 
that increase a patient’s risk for developing EA, including 
age, surgery type, anesthetic technique, preoperative 
anxiety, and time to awakening. Patients under 10 years 
of age have reported incidence of EA as high as 46% com-
pared with <15% for patients over 10 years. The highest 
incidence of EA is between 2 and 9 years of age.

K E Y FAC T S

• EA is defined as a “state of nonpurposeful restlessness 
and inconsolability that is often accompanied 
by thrashing, screaming, prolonged crying, and 
disorientation.”

• Risk factors for EA include age, surgery type, anesthetic 
technique, preoperative anxiety, and time to awakening.
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9.  A N S W E R :  B

Emergence agitation is a common problem seen in pedi-
atric anesthesia, with reported incidence between 10% 
and 50% in patients under 10  years of age. As noted 
earlier, many studies have sought to delineate risk factors 
associated with EA. These risk factors include patient fac-
tors, anesthetic technique, and surgical procedure. These 
are listed in Table 26.2. Surgical procedures associated 
with higher incidences of EA are usually ophthalmo-
logic and ENT procedures. Orchidopexy does not have 
a particular association with EA. While patients under 
2 years may develop EA, the greatest incidence is seen in 
patients 2–9 years of age. Having a parent present dur-
ing induction in itself is not a risk factor for EA. However, 
preoperative anxiety of the parents may contribute to EA. 
Of those factors listed, preoperative anxiety in both par-
ents and children, as well as maladaptive behaviors, is most 
likely associated with EA.

K E Y FAC T S

• Surgical procedures associated with higher incidences 
of EA are usually ophthalmologic and ENT 
procedures.

• Greatest incidence of EA is seen in patients 2–9 years 
of age.
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TA BL E 26 .2 factors that Increase the rIsK 
of PostoPeratIve eMergence delIrIuM

PATIENT FACTORS ANESTHESI A TECHNIQUE SURGERY TYPE

age 2–9
Preoperative anxiety
Maladaptive behaviors
Prior history of 
emergence agitation

volatile anesthetics
sevoflurane
desflurane
Isoflurane
time to awakening
Pain

otorhinolaryngology
tonsillectomy
adenoidectomy
ophthalmologic procedures
strabismus
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10 .  A N S W E R :  D

Preoperative midazolam has conflicting data with some 
studies demonstrating a decrease in emergence agita-
tion (EA), while other demonstrated an increase in EA. 
While studies looking at EA in patients undergoing non-
painful procedures (MRI) have demonstrated that these 
patients also develop EA, Kain et  al. found that patients 
with higher pain scores tended to have a much higher 
incidence of EA. Therefore, narcotics or regional anes-
thesia is likely to reduce the risk of pain-associated EA. 
Used intraoperatively, fentanyl (2.5µg/kg) significantly 
decreased EA in adenoidectomy patients. As mentioned 
earlier, a total TIVA or propofol anesthetic significantly 
reduces the risk of EA. Studies have compared propofol 
and fentanyl as treatment for EA with similar success rates. 
Patients treated with fentanyl were more likely to have 
associated PONV, while patients who received propofol 
were more likely to have a prolonged PACU stay from 
sedation. Nitrous oxide does not appear to be a risk fac-
tor for emergence delirium, but it has not been shown to 
significantly reduce the risk of EA. Finally, dexmedetomi-
dine has been shown to significantly reduce the risk of 
EA. Patients receiving 0.5–1 µg/kg intravenously for ton-
sillectomy and adenoidectomy demonstrated significantly 
reduced incidence of EA and pain scores. Lower doses of 
dexmedetomidine (0.15  µg/kg) have also been shown to 
decrease the incidence of EA in patients undergoing other 
procedures.

K E Y FAC T S

• Patients with higher pain scores tended to have a much 
higher incidence of EA.

• Dexmedetomidine has been shown to significantly 
reduce the risk of EA.
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11.  A N S W E R :  B

Emergence agitation (EA) has been described extensively in 
the pediatric anesthesia literature. It has been defined as cry-
ing, sobbing, thrashing and disorientation in patients 
after anesthesia, most often seen in pediatric patients in 
the recovery room. Several factors have been attributed to 
patients developing EA, including age, previous surgery, 
ophthalmology and ENT procedures, inhaled anesthet-
ics, pain, time to awakening, and preoperative anxiety 
levels. While some studies initially found that inhaled 
agents with lower solubility, such as sevoflurane and des-
flurane, increased the risk of EA, later studies have dem-
onstrated that isoflurane has a similar profile risk. While 
studies looking at EA in patients undergoing nonpainful 
procedures (MRI) have demonstrated that these patients 
also develop EA, Kain et al. found that patients with higher 
pain scores tended to have much higher incidence of EA. 
Intraoperative narcotics have been shown to reduce the 
pain-associated EA. Although nitrous oxide increases 
the risk of nausea and vomiting, it does not appear to be a 
risk factor for emergence delirium.

K E Y FAC T S

• Several factors have been attributed to patients 
developing EA, including age, previous surgery, 
ophthalmology and ENT procedures, inhaled 
anesthetics, pain, time to awakening, and preoperative 
anxiety levels.

• Patients with higher pain scores tended to have a much 
higher incidence of EA.
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12 .  A N S W E R :  D

Children with obstructive sleep apnea (OSA) are at 
increased risk of developing postoperative respiratory 
complications. These types of complications include 
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oxygen desaturations <90%, apnea, increased work 
of breathing, pneumothorax, and pulmonary edema. 
PACU interventions may include insertion of an oral or 
nasopharyngeal airway, continuous positive-pressure ven-
tilation (CPAP), or reintubation with an endotracheal 
tube. In a study of pediatric patients undergoing tonsil-
lectomy and adenoidectomy for OSA, 6.4% (149/2315) 
of patients younger than 6 years old developed a respira-
tory complication based on the criteria listed earlier. For 
patients younger than 3  years of age, the risk was even 
greater—9.8% in children less than 3 versus 4.9% in chil-
dren ages 3–6 years. Other factors that increase the risk 
of postoperative respiratory complications include patient 
factors and anesthetic technique. Underlying comorbidi-
ties that increase the risk of postoperative complications 
include neuromuscular or neurologic disease, chro-
mosomal abnormalities, craniofacial abnormalities, 
severe OSA, obesity, echocardiographic evidence of 
pulmonary hypertension, or an upper respiratory 
tract infection within 4 weeks of surgery. Anesthetic 
factors that may include risk include deep extubation for 
patients with severe upper airway obstruction and the use 
of long-acting medications that may depress respiratory 
drive, such as narcotics.

K E Y FAC T S

• Postoperative respiratory complications in patients 
with OSA include oxygen desaturations <90%, apnea, 
increased work of breathing, pneumothorax, and 
pulmonary edema.

• Underlying comorbidities that increase the risk of 
postoperative complications include neuromuscular 
or neurologic disease, chromosomal abnormalities, 
craniofacial abnormalities, severe OSA, obesity, 
echocardiographic evidence of pulmonary hypertension, 
or an upper respiratory tract infection within 4 weeks of 
surgery.
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13 .  A N S W E R :  C

O
2
 desaturation nadir less than 85%. On polysomnog-

raphy, severe OSA is diagnosed by the following crite-
ria: apnea-hypopnea index (AHI) > 10 events/hr, oxygen 
desaturation nadir less than 80%, or both. Recurrent 
hypoxemia in children is known to be associated with an 
increased sensitivity to opiates. While a BMI >30  kg/m2 
may increase the risk of OSA and postoperative airway 
obstruction, BMI does not independently increase the risk 
of sensitivity to opiates. Children with a polysomnography 
study showing an AHI of 5–7events/hr is characteristic 
of a patient with moderate OSA. Patients with mild and 
moderate OSA have the same opiate requirements as oth-
erwise healthy patients without OSA. Age does not deter-
mine sensitivity to opiates, unless the child is a neonate or 
premature with an immature central respiratory center. 
Patients with severe hypoxemia preoperatively (nadir 
<85%) have been noted to have a 50% reduction in mor-
phine requirements compared with patients with nadir 
oxygen saturations >85%. A  study by Raghavendran in 
2010 showed that when a lower morphine-equivalent dose 
is administered to tonsillectomy patients with preoperative 
severe hypoxemia, the number of postoperative medical  
interventions was significantly decreased (29.6% vs. 11.3%). 
Medical interventions included bag/mask ventilation, intu-
bation/oral/nasopharyngeal airway insertion, or reversal 
medication by a physician.

K E Y FAC T S

• Severe OSA is diagnosed by the following criteria: AHI 
> 10 events/hr, oxygen desaturation nadir less 80%, 
or both.

• Patients with severe hypoxemia preoperatively (nadir 
<85%) have been noted to have a 50% reduction in 
morphine requirements.
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14 .  A N S W E R :  A

2-year-old, Apnea-Hypopnea Index (AHI) of 3 events/
hour, Heterozygous for Factor V Leiden. Tonsillectomy 
and adenoidectomy is one of the most common 

 

 

 

 

 

 

 

 



26 .   PostoPer atIve Per Iod  •   6 49

pediatric surgical procedures. The recommendations for 
T&A include nocturnal upper airway obstruction with or 
without obstructive sleep apnea (OSA) and chronic ton-
sillitis. The diagnosis of obstructive sleep apnea syndrome 
(OSAS) is based on history and physical exam, as well as 
sleep studies, when indicated. Symptoms include snor-
ing, increased respiratory efforts, periodic obstructive 
apnea, and oxygen desaturation while asleep. While not 
all patients undergo polysomnography, the severity of the 
sleep apnea may be ascertained from these results. On poly-
somnography, severe OSA is diagnosed by the following 
criteria:  apnea-hypopnea index (AHI) > 10 events/hr, 
oxygen desaturation nadir less than 80%, or both. Based 
on the American Academy of Pediatrics clinical practice 
guidelines, children with OSAS are at high risk for post-
operative complications after tonsillectomy and adenoid-
ectomy. The following factors place patients in a high-risk 
category for postoperative complications and should be 
used to determine if a patient should be admitted for over-
night monitoring:

 1. Severe OSAS (AHI > 10 events/hr, oxygen 
nadir 80%)

 2. Age <3 years
 3. Craniofacial disorders
 4. Neurologic/neuromuscular disorders
 5. Cerebral palsy
 6. Down syndrome
 7. Failure to thrive
 8. Morbid obesity
 9. Prematurity
10. Cardiac complications of OSAS (right ventricle 

hypertension)
11. Central hypoventilation syndrome
12. Genetic/metabolic/storage disease
13. Chronic lung disease
14. Bleeding diathesis that may lead to coagulopathy

Based on these criteria, the 2-year-old patients should 
be admitted for overnight monitoring based on age. 
While each of the 3-year-old patients do not have severe 
OSA by polysomnography criteria, the patient with von 
Willebrand’s factor has a risk for bleeding postoperatively. 
Heterozygous for Factor V Leiden does not confer any 
increased risk for coagulopathy postoperatively.

K E Y FAC T S

• Symptoms of OSA include snoring, increased respiratory 
efforts, periodic obstructive apnea, and oxygen 
desaturation while asleep.

• The factors listed herein place patients in a high-risk 
category for postoperative complications and should be a 
consideration for overnight admission and monitoring.

references

Hanna HH, Mason L. Challenges in pediatric ambulatory anesthesia. 
Curr Opinion. 2012;25(3):315–20.

Landsman I, Werkhaven J, Motoyama EK. Anesthesia for pediatric 
otorhinolaryngologic surgery. In:  Davis P, Cladis FP, Motoyama 
EK, eds. Smith’s Anesthesia for Infants and Children. 8th ed. 
Philadelphia, PA: Mosby Elsevier; 2011:512–53.

Section on Pediatric Pulmonology. Subcommittee on Obstructive Sleep 
Apnea Syndrome. American Academy of Pediatrics. Clinical prac-
tice guideline: diagnosis and management of childhood obstructive 
sleep apnea syndrome. Pediatrics. 2002 Apr;109(4):704–12.

15 .  A N S W E R :  B

Administration of racemic epinephrine. The incidence 
of postoperative croup is reported to be around 1%–4%. 
Postextubation stridor was noted to be 4.4% in patients 
with cuffed ETTs and 4.7% in uncuffed ETTs. The most 
common cause is the result of an endotracheal tube that 
is too tight. An appropriate leak should be less than 
25  cm H

2
O. An ETT leak is tested by placing a stetho-

scope over the larynx until the circuit is slowly pressurized. 
The pressure at which the leak is auscultated (appropriate 
is 10–25  cm H

2
O) is the “leak.” A  leak less than 10  cm 

H
2
O suggests that the ETT is too small. A  leak greater 

than 25–30 cm H
2
O suggests that the ETT is too tight. 

Other factors associated with postintubation croup 
include traumatic or repeated intubations, duration 
of surgery, movement of the head or neck, or head and 
neck surgery. Accepted treatments include cool, humidi-
fied mist after extubation. For more severe cases, racemic 
epinephrine (0.5 mL of 2.25% solution) delivered by 
nebulizer helps reduce swelling of mucosa by vasoconstric-
tion. However, a rebound effect can be seen and therefore 
these patients should be observed for at least 4 hours after 
treatment. Additionally, treatment with dexamethasone 
has been found to be effective in reducing swelling and 
postextubation croup, especially in patients intubated 
longer than 48 hours. Postextubation croup is not related 
to infections and does not required antibiotic treatment. 
Usually, postextubation croup does not require reintuba-
tion unless the patient is at risk for airway compromise. 
A  chest X-ray is not usually needed because the postex-
tubation croup is related to upper airway swelling. The 
treatments listed earlier should not be delayed for getting 
a chest X-ray.

K E Y FAC T S

• Appropriate ETT leak should be less than 25 cm H
2
O.

• Risk factors for postintubation croup include traumatic 
or repeated intubations, duration of surgery, movement 
of the head or neck, or head and neck surgery.

• Treatments include humidified mist, racemic 
epinephrine, and dexamethasone.
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16 .  A N S W E R :  C

Definitions of “levels of sedation” have been proposed 
by the American Academy of Pediatrics (AAP), the 
American Society of Anesthesiologists (ASA), and the Joint 
Commission on Accreditation of Healthcare Organizations 
(JCAHO). Older terminology like “conscious sedation” 
was confusing and is not used anymore. Current definitions 
of “levels of sedation” are as follows:

Minimal sedation (anxiolysis)—A drug-induced state 
during which patients respond normally to verbal 
commands. Ventilatory and cardiovascular functions 
are unaffected though cognitive function and 
coordination are impaired.

Moderate sedation (“conscious sedation”)—A 
drug-induced depression of consciousness during 
which patients respond purposefully to verbal 
commands either alone or accompanied by light tactile 
stimulation. No airway interventions are required for a 
patent airway, and spontaneous ventilation is adequate. 
Cardiovascular function is usually maintained.

Deep sedation—A drug-induced depression of 
consciousness during which patients cannot be easily 
aroused but respond purposefully after repeated 
or painful stimulation. Reflex withdrawal is not 
considered a purposeful response. At this level 
of sedation airway intervention may be required 
and spontaneous ventilation may be inadequate. 
Cardiovascular function is usually maintained.

General anesthesia—A drug-induced loss of 
consciousness during which patients are not arousable 
even with painful stimulation. The response may be 
nonpurposeful reflex withdrawal. Airway intervention 
is often required to maintain a patent airway, often 
with positive-pressure ventilation. Cardiovascular 
function may be impaired.
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17.  A N S W E R :  A

Emergence delirium (ED) or agitation (EA) is a dis-
sociative state of consciousness in which children are 
irritable, uncooperative, inconsolable, and incoherent. 
The highest incidence of emergence agitation occurs in 
children <6  years of age. It has been reported in adults 
as well as infants. It presents as crying, moaning, kick-
ing, and thrashing. Many times, effected children do not 
recognize and respond appropriately to their parents. The 
episodes are usually short (5–45 minutes) and resolve 
spontaneously. Several factors have been implicated in 
the etiology of emergence agitation. These include use of 
less soluble inhaled agents (sevoflurane, desflurane), 
pain, hypoxia, hypercarbia, and anxiety. However, the 
exact mechanism is unknown. Emergence agitation has 
been seen even following pain-free procedures such as 
MRI scans.

Several preventive measures have been used, and the 
most effective ones are usually pharmaceutical. Avoiding 
the use of sevoflurane/desflurane and the intraoperative 
administration of dexmedetomidine, clonidine, or fen-
tanyl has been shown to be effective. Parental presence in 
the recovery room does not have any effect on the incidence 
and duration of emergence agitation.

K E Y FAC T S

• Highest incidence of emergence agitation occurs 
<6 years of age.

• Factors associated with development of EA include use 
of less soluble inhaled agents (sevoflurane, desflurane), 
pain, hypoxia, hypercarbia, and anxiety.

reference

Taenzer A, Cravero J. The Postanesthesia Care Unit and Beyond. 
In:  Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia 
for Infants and Children. 4th ed. Philadelphia:  Saunders Elsevier; 
2009:1012–3.

 

 

 

 

 

 

 

http://www.aapd.org/media/Policies_Guidelines/G_Sedation.pdf
http://www.aapd.org/media/Policies_Guidelines/G_Sedation.pdf


26 .   PostoPer atIve Per Iod  •   651

18 .  A N S W E R :  D

This question describes emergence delirium (ED) or 
emergence agitation (EA). Although its mechanism of 
action is unknown, it has been thought to be related to 
both nonpainful and painful procedures alike. Possible 
etiologies have included pain, metabolic changes, 
neurologic abnormalities, awakening in a strange envi-
ronment, separation anxiety, and airway obstruction 
with hypoventilation and hypoxia. Children who exhibit 
preoperative anxiety or who have anxious parents are at 
a higher risk for perioperative ED. The highest incidence of 
ED is in children younger than 5 years of age, and it tends to 
be self-limiting, lasting less than 20 minutes. It has been 
associated with specific types of surgery such as ENT/eye 
procedures, mainly because of their quick turnover and use 
of potent volatile anesthetics. The harmful effects of emer-
gence agitation can occur perioperatively both to the child 
(i.e. surgical site) and to the providers (i.e., physical injury). 
There is a Pediatric Anesthesia Emergence Delirium 
Scale (PAEDS) that provides a valid and reliable tool to 
identify ED. It uses five criteria: eye contact, purposeful 
movements, awareness of environment, restlessness, 
and inconsolability. Pharmacologic options for prevention 

include propofol (1 mg/kg) at the end of the surgery, intra-
venous dexmedetomidine (0.15 µg/kg), intranasal fentanyl 
(1 µg/kg), and oral clonidine (4 mg/kg).

K E Y FAC T S

• Possible etiologies have included pain, metabolic 
changes, neurologic abnormalities, awakening in a 
strange environment, separation anxiety, and airway 
obstruction with hypoventilation and hypoxia.

• The Pediatric Anesthesia Emergence Delirium Scale 
(PAEDS) provides a valid and reliable tool to identify 
ED. It uses five criteria: eye contact, purposeful 
movements, awareness of environment, restlessness, and 
inconsolability.
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27.
PROFESSIONAL ISSUES

Solmaz P. Manuel and Christine L. Mai

1. During a multiple-hour hand reconstruction surgery 
on an otherwise healthy teenager, the operating room 
nurse expresses concern that you may have had a micro-
sleep episode. Which of these is an effective fatigue 
countermeasure?

A. Strategic caffeine consumption
B. Eating a large meal 1 hour before bedtime
C. Napping between cases at work
D. Prescription methylphenidate use

2. Which of the following is required to prove a case of 
clinical negligence in civil litigation?

A. Money was exchanged for services.
B. Injury or damages were suffered.
C. The provider was not forthcoming about a medical 

error that occurred.
D. An intentional breach of duty took place.

3. Which of the following is one of the Accreditation 
Council for Graduate Medical Education (ACGME) 
core educational competency areas?

A. Critical evaluation and decision making
B. Practice-based learning and improvement
C. Technical skill
D. Personal effectiveness

4. Which of the following is an example of practice-based 
learning and improvement?

A. Submission of a case for M&M conference
B. Participation in a patient’s family meeting to discuss 

goals of medical care
C. Conducting a controlled pharmacologic  

experiment
D. Demonstrating cost-awareness in the clinical 

setting

5. Your team is conducting a research study that 
involves bispectral index (BIS) monitoring during anes-
thesia in 8- to 12-year-old children. The research proto-
col approved by your institutional review board (IRB) 
includes obtaining assent of children who participate in 
the study. A 9-year-old boy who is very upset about com-
ing to the hospital that day adamantly refuses to partici-
pate in the study. Which of the following describes the 
most appropriate action to be taken?

A. Honor the child’s decision and exclude him from 
the study.

B. Review the consent form with one of the parents and 
obtain consent from him or her instead.

C. Review the consent form with both of the parents 
and obtain consent from them instead.

D. Because this imposes minimal risk to the child, it 
is acceptable to perform BIS monitoring without 
consent.

6. A 5-year-old boy has been declared brain dead after 
suffering a traumatic brain injury last week. You are 
asked to assist with organ harvesting. Prior to trans-
porting him to the operating room, you review his chart 
for documentation of brain death criteria. Which of the 
following fulfills one requirement for the diagnosis of 
brain death?

A. Hypocarbia
B. Burst suppression on electroencephalogram
C. Hypothermia
D. Atropine resistance

7. A  16-year-old patient is scheduled for excision of 
an arm lesion. You receive a call from the preopera-
tive nurse that her urine pregnancy test is positive. The 
patient is currently waiting in the holding area with her 
parents, who are her surrogate decision makers and the 
anesthesia consent has already been signed. How will 
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you notify the patient and her parents about her test 
results?

A. Tell both the patient and the parents about the 
positive pregnancy test.

B. Tell only the parents about the positive 
pregnancy test.

C. Ask to speak privately to the patient and relay 
the results. Encourage the patient to share the 
information with her parents.

D. Contact risk management and have them disclose 
the results to the patient and her parents.

8. A  16-year-old girl with cholelithiasis presents for a 
laparoscopic cholecystectomy. She is in the holding area 
with her husband and their 1-year-old daughter. When 
asked if her parents are with her, she states that her 
father is deceased and her mother is at work. After mul-
tiple attempts at trying to get in touch with her mother, 
it is deemed that she is unavailable to give phone con-
sent. How will you proceed with this case?

A. Call the social worker and get consent from the 
patient with the social worker as a witness.

B. Call the legal counsel at your hospital to help verify 
that the patient can sign her own consent since she is 
an emancipated minor.

C. Cancel the case since there is no parental consent.
D. Waive the consent since it is assumed that the 

surgeon’s consent covers the risks and benefits, 
including the anesthesia consent.

9. While obtaining consent for a Nuss procedure on a 
12-year-old boy, his parents inform you that they are 
Jehovah’s Witnesses and will not consent for their child to 
receive any blood products. You inform them that the like-
lihood of a blood transfusion is very low but reaffirm that 
in an emergency you are obligated to act in the best interest 
of the child. After much discussion, the parents reluctantly 
give you consent for anesthesia and the case proceeds. One 
hour into the procedure, you notice an increased amount 
of blood in the suction canister. The surgeon thinks that 
he has perforated the right ventricle and will need to do 
an open thoracotomy, and possibly a sternotomy. Despite 
several crystalloid, colloid, and vasopressor boluses, the 
patient becomes hypotensive with a blood pressure of 
40/20, tachycardic, and the surgeons are struggling to 
control the bleeding. What is your next step?

A. Call the parents in the waiting room and request 
verbal permission to emergently give a blood 
transfusion.

B. Call the hospital’s legal counsel and request an 
emergency court order to bypass the parents’ wishes 
so that you can give a blood transfusion.

C. Respect the parents’ wishes and start a 
phenylephrine infusion with epinephrine boluses 
until the surgeon gains hemostasis.

D. Call the blood bank to release emergency blood 
products that you can administer immediately to the 
patient.

10. A 1-year-old boy presents for a circumcision. You are 
planning a general anesthetic with a caudal block. The 
risks and benefits of the caudal block are discussed with 
the parents and they agree to proceed. Immediately 
after induction, the caudal block was placed smoothly 
without incident. The surgeon proceeds with the prep 
and drape and asks if you can give a dose of cefazolin. 
When you retrieve the cefazolin that you had predrawn 
before the start of the case, you notice that a syringe 
labeled bupivacaine 0.25% with 1:200 000 epinephrine 
is on your cart. The syringe in the sharps container is 
labeled cefazolin. In this case of medication error, what 
is the best approach?

A. Meet the parents with the surgeon and discuss the 
event. Avoid apologizing or talking about blame 
because this might be used against you in a lawsuit.

B. Write a note in the medical record about the event 
and have the surgeon relay the event to the parents. 
Contact risk management at the end of the case.

C. Notify risk management and meet with the parents 
in order to explain the event, the consequences 
to the patient, and the plans of patient care and 
management for the medication error. Apologize 
for the error and explain what investigation will be 
performed in order to prevent such an event from 
occurring to other patients in the future.

D. Call risk management and the lawyer to discuss your 
next steps. Have the surgeon relay the events to the 
parents because this concerns his patient.

11. A  5-month-old infant is brought emergently from 
the emergency room to the operating room for a cra-
niotomy. The mother reports that the infant rolled off 
the couch and hit her head on the hardwood floor. On 
examination, the infant is crying and agitated, she has 
a large hematoma on her occiput, and bruises on her 
upper arms and legs. Which of the following sign is most 
suggestive of child abuse?

A. Height and weight in the 10th percentile
B. Bruises on the upper arms
C. Cuts on the knees and shin
D. Scratches on the face

12. A  5-year-old girl presents to the operating room 
with tonsillar bleeding that started 8 hours prior to 
the hospital admission. She is listless, hypotensive, and 
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tachycardic in the preoperative holding area. In the 
patient’s chart, you noted that she is an adopted child 
and her foster mother is present with her. The nurse tells 
you that the foster mother is not legally able to sign her 
consent, the child is still in custody of Department for 
Children and Families (DCF), and that a representative 
from DCF needs to legally sign the consent. After mul-
tiple unsuccessful attempts at contacting the DCF rep-
resentative, how will you proceed with this case?

A. Call the PICU and transfer the patient to the PICU 
for supportive management with fluids and blood 
products until the DCF representative is contacted.

B. Call the hospital’s legal office and explain to the 
foster mother that this is an emergency that needs 
to be attended to prior to the DCF consent. Obtain 
consent from the foster mother and proceed with 
the case.

C. Proceed with the case and attempt to call the DCF 
office later to explain the situation.

D. Manage the patient in the recovery room with fluid 
and vasopressor boluses while continuing to contact 
the DCF representative.

13. What are the six dimensions of quality in health 
care as defined by the Institute of Medicine (IOM)?

A. Professionalism, efficiency, equity, cleanliness, 
patient safety, and patient-centered care

B. Professionalism, efficiency, equity, timeliness, patient 
safety, and patient-centered care

C. Effectiveness, efficiency, equity, timeliness, patient 
safety, and patient-centered care

D. Effectiveness, autonomy, equity, timeliness, patient 
safety, and patient-centered care

14. According to The Institute of Medicine’s (IOM) 
1999 report, “To Err Is Human: Building a Safer Health 
System,” where are the most preventable medical errors 
in US hospitals likely to occur?

A. Ambulatory care clinics
B. Operating rooms, emergency departments, and 

intensive care units
C. Urgent care clinics and emergency departments
D. Operating rooms and postanesthetic care units
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C H A P T E R   27  A N S W E R S

1.  A N S W E R :  C

The performance of anesthesiologists can be greatly 
impacted by sleep deprivation and fatigue. Sleep is a 
basic physiologic requirement and is necessary to main-
tain alertness, performance, and overall health and 
well-being.

Sleep debt is a common problem for anesthesiolo-
gists due to their long duty-hour periods and shift work. 
Disruption of circadian rhythm and sleep fragmentation 
further exacerbate chronic sleep deprivation, fatigue, and 
decreased mental and physical performance.

Microsleep events are the most serious manifesta-
tion of fatigue and indicate that longer periods of sleep 
are imminent. Microsleep events are thought to contribute 
significantly to single-vehicle car crashes and aviation acci-
dents. Although the exact incidence among fatigued anes-
thesiologists is unknown, such complete lapses in vigilance 
seriously threaten patient safety.

Good sleep hygiene is important to maximize available 
sleep time. Good sleep habits include regular bedtime and 
wake-up time; sufficient time for adequate sleep; a dark 
and quiet area for sleep; and avoidance of caffeine, alco-
hol, nicotine, or heavy meals before bedtime.

Rest breaks can prevent decrements in vigilance of 
anesthesiologists. Short breaks improve job satisfaction, 
increase productivity, and reduce boredom.

Strategic naps from 10 minutes (power napping) to 
90 minutes (allowing a full sleep cycle) improve alertness 
and performance, and is a useful countermeasure to fatigue. 
Optimal timing and frequency of breaks are unknown, but 
breaks should be taken when possible.

Caffeine and other stronger stimulants can also 
reduce nighttime sleep quantity and quality. Stimulant 
medications are not an appropriate fatigue countermea-
sure for health care providers:  after temporary increase 
in alertness, the individual must undergo a substantial 
recovery sleep.

Light therapy, timed cycles of bright light and darkness, 
can be used to reset the circadian pacemaker and help adapt 
to shift work. Though likely impractical for many anesthesi-
ologists, research continues in this promising area.

KEY FACTS

• Microsleep events are the most serious manifestation of 
fatigue.

• Good sleep habits include regular bedtime and wake-up 
time; sufficient time for adequate sleep; a dark and 
quiet area for sleep; and avoidance of caffeine, alcohol, 
nicotine, or heavy meals before bedtime.

R E F E R E N C E

Miller R, Eriksson L, Fleisher L, Wiener-Kronish J, Young W, eds. 
Miller’s Anesthesia. 7th ed. Philadelphia, PA: Churchill Livingstone; 
2010:113–21.

2 .  A N S W E R :  B

The most common medical malpractice claim is that of pro-
fessional negligence:  an unintentional act or omission 
by a health care provider in which the treatment provided 
falls below the accepted standard of practice in the medical 
community and causes injury or damages to the patient.

In order to bring a successful case of negligence to civil 
courts, four separate elements must be proven. The elements 
that must be established in every negligence case include 
duty, breach of standard of care, causation, and injury 
or damage.

Duty of Care: First, a plaintiff (typically a patient or the 
patient’s family) must establish that the defendant (typically 
the physician or health care institution) had a legal duty 
to the plaintiff. Generally, a legal duty exists whenever a 
hospital or health care provider undertakes care or treat-
ment of a patient. The exchange of money is not necessary 
to establish duty of care.

When a physician–patient relationship is established, 
the physician has a duty to exercise the degree of care, 
diligence, and skill that physicians of reasonable and ordi-
nary prudence would exercise under the same or similar 
circumstances.

Breach of Standard of Care: With the existence of the 
physician’s duty of care comes responsibility to conform to 
the relevant standard of care. In a medical negligence case 
the plaintiff must establish that the health care provider 
breached that standard of care: he or she undertook a form 
of treatment that a reasonable, prudent member of the 
medical profession would not have taken under the same 
or similar circumstances.

Damage: The plaintiff must also establish that a “com-
pensable” injury was suffered. A compensable injury is one 
for which it is possible to be compensated for the actual 
harm suffered, including pain and suffering, with a mon-
etary award. Without injury, there is no basis for a claim, 
regardless of whether a medical provider was negligent. 
Likewise, damage can occur without negligence and does 
not create a presumption of negligence.

Causation: Finally, the plaintiff must establish that the 
defendant’s breach of standard of care was the direct 
and proximate cause of the injury.

KEY FACTS

• The most common medical malpractice claim is that of 
professional negligence.
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• The elements that must be established in every 
negligence case include duty, breach of standard of care, 
causation, and injury or damage.

R E F E R E N C E

Motoyama EK, Davis P, eds. Smith’s Anesthesia for infants and children. 
8th ed. Philadelphia, PA: Mosby Elsevier; 2011:1309–14.

3 .  A N S W E R :  B

The Accreditation Council for Graduate Medical Education 
(ACGME) has defined six educational areas for which all 
residents and fellows must demonstrate competency. These 
areas are also required for Maintenance of Certification in 
Anesthesiology.

The six core competencies are as follows:

Patient care—Residents must be able to provide 
patient care that is compassionate, appropriate, and 
effective for the treatment of health problems and the 
promotion of health.

Medical knowledge—Residents must demonstrate 
knowledge of established and evolving biomedical, 
clinical, epidemiologic, and social-behavioral sciences, as 
well as the application of this knowledge to patient care.

Practice-based learning and 
improvement—Residents must demonstrate the 
ability to investigate and evaluate their care of patients, 
to appraise and assimilate scientific evidence, and to 
continuously improve patient care based on constant 
self-evaluation and lifelong learning.

Interpersonal and communication skills—Residents 
must demonstrate interpersonal and communication 
skills that result in the effective exchange of 
information and collaboration with patients, their 
families, and health professionals.

Professionalism—Residents must demonstrate 
a commitment to carrying out professional 
responsibilities and adherence to ethical principles.

Systems-based practice—Residents must demonstrate 
an awareness of and responsiveness to the larger 
context and system of health care, as well as the ability 
to call effectively on other resources in the system to 
provide optimal health care.

KEY FACT

• The six ACGME core competencies include patient 
care, medical knowledge, practice-based learning and 

improvement, interpersonal and communication skills, 
professionalism, and system-based practice.

R E F E R E N C E

Accreditation Council for Graduate Medical Education. Common program 
requirements. Section IV.A.5.C. Available at: https://www.acgme.
org/acgmeweb/tabid/429/ProgramandInstitutionalAccreditation/
CommonProgramRequirements.aspx. Accessed June 19, 2014.

4 .  A N S W E R :  A

Practice-based learning and improvement is one of the 
Accreditation Council for Graduate Medical Education 
(ACGME) core educational competency areas. This com-
petency requires trainees to develop skills of lifelong learn-
ing through a review of their own practices. Trainees must 
demonstrate the ability to investigate and evaluate their 
care of patients, to appraise and assimilate scientific evi-
dence, and to continuously improve patient care based on 
constant self-evaluation and lifelong learning.

Suggested opportunities for practice-based learning 
and improvement include the following:

Submitting cases for M&M conference

Participating in quality and safety projects

Participating in journal clubs

Requesting and accepting feedback

Changing behavior based on feedback and reflection

Using medical literature to direct patient care

Demonstrating cost awareness in the clinical setting 
(an example of systems-based practice competency)

KEY FACTS

• Practice-based learning and improvement: Trainees 
must demonstrate the ability to investigate and evaluate 
their care of patients, to appraise and assimilate scientific 
evidence, and to continuously improve patient care based 
on constant self-evaluation and lifelong learning.

R E F E R E N C E

Accreditation Council for Graduate Medical Education. Common program 
requirements. Section IV.A.5.C. Available at:  https://www.acgme.
org/acgmeweb/tabid/429/ProgramandInstitutionalAccreditation/
CommonProgramRequirements.aspx. Accessed June 19, 2014.
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5 .  A N S W E R :  A

Children, though legally minors and socially subject to the 
authority of guardians, often have decision-making capacity 
that is undervalued by parents and physicians.

It is important that children are not completely excluded 
from the consent process, and they should not be coerced in 
most circumstances. Assent—an agreement to treatment 
by children who do possess legal adult rights—should be 
obtained from any child who is able to participate in a dis-
cussion about his or her care.

US federal law specifically requires assent of minors 
7  years and older to participate in medical research. 
Medical ethicists agree that especially for research that 
offers no real individual benefit, a child’s dissent must 
always be honored.

KEY FACT

• Assent—an agreement to treatment by children who 
do possess legal adult rights; minors older than 7 years 
of age must assent prior to participation in medical 
research.

R E F E R E N C E S

Motoyama EK, Davis P, eds. Smith’s Anesthesia for Infants and Children. 
8th ed. Philadelphia, PA: Mosby Elsevier; 2011:1309–14.

Waisel DB, Truog RD, Todres ID. Ethical issues in pediatric anesthesi-
ology. Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 
2009:71–87.

6 .  A N S W E R :  D

The diagnosis of brain death in neonates, infants, and 
children is made by clinically demonstrating absence of 
cortical activity and brainstem reflexes, identifying an 
irreversible cause, and ensuring reversible conditions that 
mimic loss of brain function are absent.

In children, two examinations, both including apnea 
testing, are required. The examinations should be per-
formed by two different physicians and separated by an 
observation period. The recommended observation period 
is 24 hours for neonates and 12 hours for infants and 
children.

The neurologic exam of a brain-dead individual should 
show no clinical evidence of brain function, including no 
response to pain and no cranial nerve reflexes. Common 
reflexes tested include pupillary response (fixed pupils), 
oculocephalic reflex, and corneal reflex. There is also 
atropine resistance (failure of heart rate to increase with 
atropine 40 µg/kg given intravenously).

Apnea testing requires documentation of an arterial 
PaCO

2
 ≥60 mm Hg (and to ≥20 mm Hg above the base-

line PaCO
2
 level for children with chronic respiratory dis-

ease), with no respiratory effort. If apnea testing cannot be 
performed due to hemodynamic instability or rapid desat-
uration, ancillary tests may be performed to help confirm 
diagnosis of brain death. Electroencephalogram will show 
electrocortical silence, and a radionuclide study will show 
absence of cerebral blood flow.

Reversible conditions that must be corrected prior to 
examination for brain death include hypotension, hypo-
thermia, hypoglycemia, and metabolic disturbances. 
Sedatives, analgesics, neuromuscular blockers, and anti-
convulsant agents should be discontinued for a reason-
able time period prior to the neurologic examination. 
Evaluation should be deferred for at least 24–48 hours 
after cardiopulmonary resuscitation or other severe acute 
brain injuries (events that can confound the neurological 
examination).

Before assuming care of a brain-dead organ donor, anes-
thesiologists are obligated to review the chart for clear 
documentation of the criteria used to declare brain death.

KEY FACTS

• Brain death in neonates, infants, and children is made 
by clinically demonstrating absence of cortical activity 
and brainstem reflexes, identifying an irreversible cause, 
and ensuring reversible conditions that mimic loss of 
brain function are absent.

• Two examinations are required, separated by an 
observation period of 24 hours for neonates and 12 
hours for infants and children.

R E F E R E N C E S

Nakagawa TA, Ashwal S, Mathur M, et al. Guidelines for the determi-
nation of brain death in infants and children: an update of the 1987 
Task Force recommendations. Crit Care Med. 2011;39(9):2139–55.

7.  A N S W E R :  C

Even though the patient is a minor and lacks the legal 
ability to provide informed consent, she has the rights to 
physician–patient confidentiality. The obligation to 
maintain confidentiality requires physicians to protect 
patient information. This confidentiality is important for 
the development of a patient–physician relationship that 
supports open communication and sharing of information. 
A trusting alliance is important in the care of adolescents 
who are more likely to defer treatment because they are con-
cerned about confidentiality.

Emancipated and mature minors have a right to 
complete confidentiality. For all other adolescents, if 
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maintaining confidentiality is of minimal harm, the physi-
cian should encourage the patient to share the information 
with parents. However, if maintaining confidentiality can 
cause harm to the patient (i.e., when a teenager is suicidal), 
then the physician may be ethically justified in notifying 
the parents.

Given the principles of confidentiality, in the case of a 
positive preanesthetic pregnancy test, it is ethically appro-
priate to inform only the adolescent patient of the results. 
Although the anesthesiologist can encourage the patient 
to share this information with her parents, adolescents 
have the legal right to keep this information private. 
Anesthesiologists and surgeons must be careful in their 
deliberation and the subsequent postponing of the surgery 
and anesthesia if the patient chooses to not inform her par-
ents of the positive pregnancy test.

KEY FACT

• Emancipated and mature minors have a right to 
complete physician–patient confidentiality.

R E F E R E N C E

Waisel DB, Truog RD, Todres ID. Ethical issues in pediatric anesthesi-
ology. Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 
2009:71–87.

8 .  A N S W E R :  B

An emancipated minor is a person who is under the age 
of 18 years but who has been given the right to make his 
or her own global decision to consent to treatment. Status 
of emancipated minor is given to adolescents who are mar-
ried, parents, in the military, and economically inde-
pendent. Minors who are currently pregnant may also be 
considered emancipated. A court must grant emancipation 
of a minor; a minor patient presenting with criteria for 
emancipation remains a minor until the court amends this 
status. The mature minor doctrine holds that adolescents 
be at least 14  years old and must have decision-making 
capacity in order to be deemed legally and ethically capable 
of giving informed consent in certain situations determined 
by a court.

KEY FACT

• An emancipated minor is a person who is under the age 
of 18 years who is married, a parent, in the military, and 
economically independent.

R E F E R E N C E

Waisel DB, Truog RD, Todres ID. Ethical issues in pediatric anesthesi-
ology. Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 
2009:71–87.

9.  A N S W E R :  D

Jehovah’s Witnesses believe that the Bible prohibits blood 
transfusions because blood holds the “life force” and any-
one who takes blood will be “cut off from his people” and 
not earn eternal salvation. The courts have allowed non-
pregnant adults to refuse blood transfusions when 
making decisions about their own medical care. However, 
under the legal doctrine of parens patriae, the courts have 
mandated that the obligation of the state is to protect the 
interests of incompetent patients such as children and 
minors. When Jehovah’s Witnesses parents refuse blood 
transfusions on behalf of their children in both emergent 
and elective cases, a physician can seek the hospital’s legal 
counsel to obtain a court order to circumvent the parents’ 
wishes and legally administer blood.

In a life-threatening condition when there is a sudden 
need for a blood transfusion because of massive hemorrhage, 
the physician has the obligation to protect the child and 
should take legally correct and ethically appropriate actions 
to transfuse the life-saving blood without the court order. 
Waiting for the court order may inappropriately result in 
functionally honoring the parents’ wishes but result in per-
manent harm to the child.

KEY FACT

• Courts have mandated that the obligation of the state is 
to protect the interests of incompetent patients such as 
children and minors.

R E F E R E N C E

Waisel DB, Truog RD, Todres ID. Ethical issues in pediatric anesthesi-
ology. Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 
2009:71–87.

10 .  A N S W E R :  C

It is in the best interest of all parties involved that the par-
ents of the child receive full disclosure of the medical 
error. The physician who is responsible (not the surgeon or 
other surrogate) should do his or her best to disclose the rea-
son for the error and apologize for the unintended out-
come. Medication error is one of the leading, preventable 
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causes of death in the United States. The natural inclina-
tion of physicians is to avoid disclosing the medical error 
to patients and family members due to fear of litigation 
and blame for unintended outcomes. Studies have shown 
that patients are less likely to file a malpractice claim 
if medical errors are fully disclosed and the physician 
apologizes for the error.

Full disclosure involves the following:

• Disclosure of all error(s)
• Discussion as to why the error(s) occurred
• Ways in which the patient will be managed now that the 

error(s) has occurred
• Explanation of how the physician and organization 

will assess the incident and make changes to prevent a 
recurrence of the error

Notifying the hospital’s risk management is also impor-
tant and should occur as soon as possible or before speaking 
to the parents in order to get guidance or counseling as to 
how to approach the family.

KEY FACT

• Full disclosure of medical error includes disclosure of 
all error(s), discussion as to why the error(s) occurred, 
ways in which the patient will be managed now that 
the error(s) has occurred, and explanation of how the 
physician and organization will assess the incident and 
make changes to prevent a recurrence of the error.

R E F E R E N C E S

Mazor KM, Reed GW, Yood RA, Fischer MA, Baril J, Gurwitz J. 
Disclosure of medication errors. J Gen Int Med. 2006:704–10.

Waisel DB, Truog RD, Todres ID. Ethical issues in pediatric anesthesi-
ology. Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 
2009:71–87.

11.  A N S W E R :  B

Child abuse includes physical abuse, sexual abuse, 
emotional abuse, and neglect. An anesthesiologist is 
in a position to recognize some of the signs of physical 
abuse since there is more attention to hands, feet, ankles, 
and faces. Careful attention should be noted for bruises 
or burn marks in the shape of objects, injuries to soft tis-
sue on arms, injuries to mouth and dentition, fractures 
in infants, and height and weight less than the 5th per-
centile. Children with physical and mental disabili-
ties are particularly prone to abuse. Anesthesiologists, 
as well as all physicians, are legally required to report 

suspicion of child abuse or neglect to appropriate hospital 
authorities. To help physicians identify child abuse, the 
American Academy of Pediatrics states that “child abuse 
should be considered as the most likely explanations 
for inflicted skin injuries if they are non-accidental 
and there is any injury beyond reddening of the skin.” 
Other physical signs of abuse to consider include injuries 
that are developmentally not appropriate, injuries that 
leave a biomechanical mark (i.e., handprint), injuries 
that are not explained by the offered history, and inju-
ries that do not appear accidental. Physicians can be 
criminally prosecuted if they fail to report suspected 
child abuse.

KEY FACT

• Child abuse should be considered as the most likely 
explanation for inflicted skin injuries if they are 
nonaccidental and there is any injury beyond reddening 
of the skin.

R E F E R E N C E S

Newberger EH. Child physical abuse. Primary Care. 1993;20:317–27.
Waisel DB, Truog RD, Todres ID. Ethical issues in pediatric anesthesi-

ology. Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 
2009:71–87.

Wissow LS. Child abuse and neglect. N Engl J Med. 1995;332:1425–31.

12 .  A N S W E R :  B

In an emergency situation, the presumption is that neces-
sary treatment is desirable and should be given even if 
informed consent from legal guardians is unattainable. 
While it is reasonable to attempt to contact the parents to 
obtain informed consent, these attempts should not delay 
necessary therapy. In the case of a guardian who is not 
able to sign informed consent and a legal entity such as the 
Department for Children and Families is involved, it is pru-
dent to have a discussion with the hospital’s legal counsel 
and the surrogate guardian to explain the emergency nature 
of the case and proceed in the best interest of the child. 
Delaying the case for formal consent and permission could 
result in death, disability, and increased risk of further 
complications.

KEY FACT

• Necessary treatment is desirable and should be given 
even if informed consent from legal guardians is 
unattainable.
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R E F E R E N C E S

Waisel DB. Ethical and legal considerations in pediatric anesthesia. 
Holzman RS, Mancuso TJ, Polaner DM, eds. A Practical Approach 
to Pediatric Anesthesia. Philadelphia, PA:  Lippincott, Williams & 
Wilkins; 2008:74.

Waisel DB, Truog RD, Todres ID. Ethical issues in pediatric anesthesi-
ology. Cote CJ, Lerman J, Todres ID, eds. A Practice of Anesthesia for 
Infants and Children. 4th ed. Philadelphia, PA: Saunders Elsevier; 
2009:71–87.

13 .  A N S W E R :  C

The Institute of Medicine’s (IOM) 1999 report, “To Err Is 
Human:  Building a Safer Health System,” brought atten-
tion to the problem of preventable medical errors occur-
ring in US hospitals each year. These errors resulted in up 
to 98,000 patient deaths and were more likely to occur in 
operating rooms, emergency departments, and intensive 
care units. The report called for a comprehensive effort by 
health care providers, government, and consumers to make 
drastic reductions in these errors.

To measure health care quality, the IOM identified 
Six Dimensions of Quality. The Six Dimensions of Quality 
are effectiveness, efficiency, equity, timeliness, patient 
safety, and patient-centered care.

Health care needs to be effective, meaning health care 
services should result in beneficial outcomes. Health care 
services also need to be efficient:  providers should avoid 
waste and improve system cost-efficiencies. Health care 
should be delivered in an equitable manner:  variations 
due to ethnicity, gender, geographic location, and socio-
economic status should be minimized. Health care services 
must be timely, emphasizing the need for appropriate access 
to care. Health care should improve patient safety. Finally, 
health care should be patient-centered:  each individual 
patient’s needs, preferences, and values should be identified 
and incorporated into clinical decision making.

The IOM emphasizes that all Six Dimensions of Quality 
need to be met for high-quality health care to be achieved. The 
evolving health care system in the United States is now requir-
ing physicians, health care providers, health care organizations, 
and hospitals to partner together to measure, demonstrate, and 
improve the overall quality of care to the patients they serve.

KEY FACT

• The Six Dimensions of Quality are effectiveness, efficiency, 
equity, timeliness, patient safety, and patient-centered care.

R E F E R E N C E S

Kliegman RM, Stanton BF, St. Geme JW, Schor NF, Behrman RE, 
eds. Nelson Textbook of Pediatrics. 19th ed. St. Louis, MO: Mosby 
Elsevier; 2011:13.

Kohn L, Corrigan J, Donaldson M, eds. To Err Is Human: Building a 
Safer Health System. Washington, DC:  Committee on Quality of 
Health Care in America, Institute of Medicine, National Academies 
Press; 1999.

14 .  A N S W E R :  B

The Institute of Medicine’s (IOM) 1999 report, “To Err Is 
Human:  Building a Safer Health System,” brought atten-
tion to the problem of preventable medical errors occur-
ring in US hospitals each year. These errors resulted in up 
to 98,000 patient deaths and were more likely to occur in 
operating rooms, emergency departments, and inten-
sive care units. The report called for a comprehensive effort 
by health care providers, government, and consumers to 
make drastic reductions in these errors.

To measure health care quality, the IOM identified 
Six Dimensions of Quality. The Six Dimensions of Quality 
are effectiveness, efficiency, equity, timeliness, patient 
safety, and patient-centered care.

Health care needs to be effective, meaning health care 
services should result in beneficial outcomes. Health care 
services also need to be efficient:  providers should avoid 
waste and improve system cost-efficiencies. Health care 
should be delivered in an equitable manner: variations due 
to ethnicity, gender, geographic location, and socioeco-
nomic status should be minimized. Health care services 
must be timely, emphasizing the need for appropriate access 
to care. Health care should improve patient safety. Finally, 
health care should be patient centered:  each individual 
patient’s needs, preferences, and values should be identified 
and incorporated into clinical decision making.

The IOM emphasizes that all Six Dimensions of Quality 
need to be met for high-quality health care to be achieved. 
The evolving health care system in the United States is now 
requiring physicians, health care providers, health care 
organizations, and hospitals to partner together to measure, 
demonstrate, and improve the overall quality of care to the 
patients they serve.

KEY FACT

• Errors were more likely to occur in operating rooms, 
emergency departments, and intensive care units.

R E F E R E N C E S

Kliegman RM, Stanton BF, St. Geme JW, Schor NF, Behrman RE, 
eds. Nelson Textbook of Pediatrics. 19th ed. St. Louis, MO: Mosby 
Elsevier; 2011:13.

Kohn L, Corrigan J, Donaldson M, eds. To Err Is Human: Building a 
Safer Health System. Washington, DC:  Committee on Quality of 
Health Care in America, Institute of Medicine, National Academies 
Press; 1999.
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28.
PR INCIPLES OF BIOSTATISTICS A ND STUDY DESIGN

Herodotos Ellinas and D. John Doyle

1. A researcher is evaluating the feasibility or the success 
of a screening program. The clinician working with her 
poses the question: If my patient’s test is negative, how 
reassured should he be that he does not have the disease 
in question? What statistical value is she referring to?

A. Test sensitivity
B. Positive predictive value (PPV)
C. Test specificity
D. Negative predictive value (NPV)

2. A physician scientist is trying to evaluate the effect of 
fatigue among residents. She is testing three groups of 
residents after an 8-hour, a 16-hour, and a 24-hour shift. 
Which of the following is the appropriate statistical 
procedure to analyze the data obtained from this study?

A. Analysis of variance (ANOVA)
B. Repeated-measures t statistic
C. Independent-measures t statistic
D. Chi-square statistic

3. What methods can increase the power of a 
hypothesis test?

A. Decrease alpha (α) level
B. Increase population variability
C. Decrease sample size
D. Increase the difference between treatments

4. After reviewing hospital charts, a researcher collects 
data from a group of patients who suffered an acute 
stroke during coiling in interventional radiology (IR). 
Another group of patients with similar age, gender, 
and comorbidity characteristics is also chosen but with 
no complications during the same procedure. The two 
groups were then compared for the use or not of nitro-
glycerin infusion intraoperatively.
What kind of an example of research design is this study?

A. Observational
B. Case-control
C. Cohort
D. Cross-sectional

5. A researcher obtains the following weights (in kilo-
grams) in nine consecutive study subjects: 4, 6, 7, 8, 9, 
3, 4, 8, and 5. What are the mean and median values for 
this group of study subjects?

A. Mean 5, median 9
B. Mean 9, median 5
C. Mean 7, median 4
D. Mean 6, median 6

6. A researcher obtains the following weights (in kilograms) 
in nine consecutive study subjects: 4, 6, 7, 8, 9, 3, 4, 8, and 
5. What is the range in weights for the study subjects?

A. 5
B. 1
C. 6
D. 7

7. The numbers of central line placement in a group of 
six anesthesiology residents are as follows:  10, 12, 13, 
16, 12, and 14. The mode for the study subjects is:

A. 12.8
B. 12
C. 10
D. 12.5

8. The mean of the normal IQ population distribution is 
known to be 100 (μ = 100) and the standard deviation is 15 
(σ = 15). What percentage of data lies between 85 and 115?

A. 68%
B. 34%
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C. 99%
D. 95%

9. Which of the following is the correct definition of a 
null hypothesis?

A. It is the hypothesis being tested.
B. It is the hypothesis being rejected.
C. It is the hypothesis that is accepted when it is false.
D. It is the hypothesis that is rejected when it is true.

10. Which of the statements about confidence intervals 
is correct?

A. The larger the sample size, the larger the confidence 
interval.

B. Confidence intervals can be used to indicate the 
reliability of an estimate.

C. A confidence interval predicts where a population 
parameter should be.

D. A confidence interval is an interval estimate of a 
sample statistic.

11. Which of the following statements about analysis of 
variance (ANOVA) is correct?

A. H
1
 (alternative hypothesis) for an ANOVA states 

that all population means are different.
B. The results for the ANOVA test are depicted on a 

contingency table.
C. It is an independent t-test for more than two groups.
D. The variances for the populations tested should not 

be equal.

12. A pharmaceutical company has proposed a new study 
to compare a new medication compared to standard 
current therapy. The hypothesis is that the new medica-
tion will improve treatment by 20% compared to stan-
dard current management. The study is powered to 0.8. 
Which is the correct statement regarding this study?

A. There is an 80% chance that the study will accept the 
null hypothesis when it is false.

B. Increasing the power decreases the chance for type 
II error.

C. Increasing the sample size decreases the power of 
the study.

D. Increasing the power decreases the chance for type 
I error.

13. Which of the following statements about statistical 
errors is correct?

A. A type II error is a false positive.
B. A type II error accepts the null hypothesis when it 

is false.

C. A type I error rejects the null hypothesis when it 
is false.

D. A type I error is a false negative.

14. Randomization of study subjects:

A. Increases the power of a study
B. Introduces bias
C. Balances confounders
D. Controls for placebo effects

15. A  random selection of 400 children participate in 
a study of the effects of a newly released drug. They are 
followed prospectively for 3  years to see if there is an 
association between the incidence of cardiac arrhyth-
mias and the use of the drug. This type of study is a:

A. Crossover study
B. Randomized controlled clinical trial
C. Case-control study
D. Cohort study

16. A researcher plans to compare the frequency of post-
operative apneic events in children who undergo surgery 
for tonsillectomy against similar children undergoing 
strabismus surgery. This type of study is a:

A. Crossover study
B. Cross-sectional study
C. Case-control study
D. Cohort study

17. If a test was very difficult, although a few students 
still obtained very high scores, then the distribution of 
scores would be:

A. Positively skewed
B. Negatively skewed
C. Normally distributed
D. Symmetric

18. Which of the following statements about causation 
and correlation is correct?

A. Correlation implies causation.
B. Correlation depends upon the study sample size.
C. Causation is determined by the statistical test 

chosen.
D. Causation must be decided by the research team.

19. Which of the following measures of central ten-
dency is most likely influenced by an extreme score?

A. Mean
B. Mode
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C. Median
D. Standard deviation

20. A  researcher determines the best-fitting straight 
line for two variables: y = 2x + 25.
Which of the following statements is correct?

A. The line crosses the y-axis at x = 2.
B. The dependent variable is x.
C. The independent variable is y.
D. The value of y increases by 2 for each unit increase in 

the value of x.

21. A researcher wishes to compare two unpaired groups 
whose data are not normally distributed. Which test 
would be most appropriate in this setting?

A. Paired t-test
B. Mann-Whitney test
C. Kruskal-Wallis test
D. Kolmogorov-Smirnov test

22. A  researcher wishes to compare the means for 
two unmatched groups. Prior research data sug-
gested that the mean of the experimental group will 
be larger than the mean for the control group. Which 
statistical test would be most appropriate to analyze 
the data?

A. One-sided paired t-test
B. Two-sided paired t-test
C. One-sided independent measures t-test
D. Two-sided independent measures t-test

23. Which of following variables is an example of a 
nominal (categorical) variable?

A. Height
B. Weight
C. Gender
D. Class rank

24. A  new treatment for malignant melanoma signifi-
cantly extends the life span of the patient but does not 
prevent the disease or lead to its cure. Given this sce-
nario, which of the following statements about malig-
nant melanoma is correct?

A. Its incidence will decrease.
B. Its prevalence will decrease.
C. Its incidence will increase.
D. Its prevalence will increase.

25. Two physiologic parameters are plotted as noted in 
the figure. Which of the following statements describes 
this figure?

A. Linear regression determines correlation between 
variables A and B.

B. This figure is a histogram.
C. Variables A and B are negatively correlated.
D. There is a causal relationship between variables 

A and B.

26. Which of the following statements about crossover 
studies is correct?

A. In a crossover study each subject acts as his or her 
own control.

B. A crossover study is one in which interventions are 
applied sequentially to different groups.

C. Crossover studies generally require more subjects 
than do noncrossover designs.

D. Crossover studies achieve better results if the 
sequence of treatments is immediate with no waiting 
period.

140

130

120

110

100

90

80

70

60

50

40

30

20

10

20 40 60 80 100 120

Variable A

V
a
ri

a
b

le
 B

140 160 180 200

Figure 28.1 Two physiologic variables.
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C H A P T E R   2 8  A N S W E R S

1.  A N S W E R :  D

This question outlines important differences among sta-
tistical values. Sensitivity and specificity of a screening 
test refer to values that do not depend on the population 
tested. Sensitivity refers to the percent of subjects with the 
disease who test positive for a given test. Specificity refers 
to the percent of subjects without the disease who test nega-
tive for a given test. In both cases, the numbers outline the 
ability of a test to identify correctly either patients who have 
or patients who do not have the disease.

On the other hand, the positive predictive value 
(PPV) is the probability that patients with a positive test 
truly have the disease. The negative predictive value 
(NPV) is the probability that patients with a negative test 
really do not have the disease (the answer to our question). 
These values depend on the prevalence of the disease. For 
example, if the disease is highly prevalent, then the PPV 
would be close to 1; if the disease is very rare, the NPV 
would be close to 1.

Sensitivity = TP/TP + FN
Specificity = TN/TN + FP
PPV = TP/TP + FP
NPV = TN/TN + FN

K E Y FAC T S

•	 Sensitivity and specificity of a screening test refer to 
values that do not depend on the population tested.

•	 Sensitivity refers to the percent of subjects with the 
disease who test positive for a given test.

•	 Specificity refers to the percent of subjects without the 
disease who test negative for a given test.

•	 Positive predictive value (PPV) is the probability that 
patients with a positive test truly have the disease.

•	 Negative predictive value (NPV) is the probability 
that patients with a negative test really do not have the 
disease.

R E F E R E N C E S

Parikh R, Mathai A, Parikh S, Chandra Sekhar G, Thomas R. 
Understanding and using sensitivity, specificity and predictive val-
ues. Indian J Ophthalmol. 2008;56(1):45–50.

Rosenbaum SH. Statistical methods in anesthesia. In:  Miller RD, 
Eriksson LI, Fleisher LA, Wiener-Kronish JP, Young WL, eds. 
Miller’s Anesthesia. 7th ed. Philadelphia, PA: Churchill Livingstone; 
2010:3082–3.

2 .  A N S W E R :  A

This question addresses different statistical methods in ana-
lyzing sample data.

Scientists use sample data to evaluate hypotheses about 
populations. The four steps of hypothesis testing include 
the following:

1. State a hypothesis about a population; for example, 
Americans spend an average of $500 during the 
holiday season.

2. Set criteria for decision making.
3. Collect data and calculate sample statistics.
4. Make a decision.

The hypothesis statement usually comes from either prior 
published research, from pilot studies the researcher might 
have already completed, or from an instinct that the scien-
tist may have regarding the particulars of the study. The 
null hypothesis (H

0
) refers to no change or no relationship 

between the variables tested. Instead, the alternative hypoth-
esis (H

1
) refers to a change, an effect present between the 

independent variable (treatment) and the dependent variable.
Once the hypothesis is set, the researcher tests whether 

the data support the null hypothesis or not. In order to 
do so, he or she needs to define boundaries that separate 
the high-probability from low-probability samples. These 
boundaries are delineated by the level of significance or 
α level chosen. Usually the probability α is either 0.05 
(5%), separating the 5% extreme sample means from 
the more likely 95% sample means, or 0.01 correspond-
ing to the 1% extreme values. Depending on the statis-
tic used, the researcher will then turn to a statistical table 
(e.g., z-distribution, t-distribution) to determine the critical 
region (boundaries).

Collecting the data and analyzing them is the next logi-
cal step. Although the population mean is known, usually 
the population standard deviation (spread) is unknown 
and therefore a t-statistic is used (instead of a z-statistic 
used when the population mean and standard deviation are 
both known). When the same group of persons is tested in 
either two different conditions or before and after treat-
ment, the repeated-measures design model is used for 
analysis. When two different groups of individuals or two 
different conditions are tested, the independent-measures 
t-test is used. ANOVA is used to evaluate significance 
when two or more treatments/conditions/groups are tested 
(just like our study). It can be used both for repeated and 
independent design models. Chi-square hypothesis testing 
method is used for nonnumerical data.

Table 28 .1 TRUE DISEASE STATUS

TEST R ESULTS POSITIVE NEGATIVE

Positive True positives False positives

Negative False negatives True negatives
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Once the statistic has been calculated, based on the 
critical region already identified, the scientist has to either 
declare the null hypothesis true or reject it. A  rejection 
of the null hypothesis means that there is a significant 
difference between the tested sample means, inferring 
to a significant difference between population means. 
(Remember the goal of testing samples is to infer to popu-
lations because it is difficult and expensive to test entire 
groups of individuals.)

K E Y FAC T S

•	 t-statistic is used when the population standard 
deviation is unknown.

•	 z-statistic is used when the population mean and 
standard deviation are both known.

•	 When the same group of persons is tested in either two 
different conditions or before and after treatment, the 
repeated-measures design model is used for analysis.

•	 When two different groups of individuals 
or two different conditions are tested, the 
independent-measures t-test is used.

•	 ANOVA is used to evaluate significance when two or 
more treatments/conditions/groups are tested. It can be 
used both for repeated and independent design models.

•	 Chi-square hypothesis testing method is used for 
nonnumerical data.

R E F E R E N C E S

Experimental design and statistics. In: Barash PG, Cullen BF, Stoelting 
R, eds. Handbook of Clinical Anesthesia. 5th ed. Philadelphia, 
PA: Lippincott Williams & Wilkins; 2005:71–2.

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:291–5, 315–21, 592–603.

Rosenbaum SH. Statistical methods in anesthesia. In:  Miller RD, 
Eriksson LI, Fleisher LA, Wiener-Kronish JP, Young WL, eds. 
Miller’s Anesthesia. 7th ed. Philadelphia, PA: Churchill Livingstone; 
2010:3079.

3 .  A N S W E R :  D

This question outlines the different mechanisms for increas-
ing the power of a test. Power of a testing hypothesis is 
the probability that a test will reject the null hypothesis 
when it is false. For every study, it is calculated in advance 
in order to assure an adequate number of data collected.

Power depends on four factors:

1. Alpha (α) level, type I error: to reject the null 
hypothesis when it is true; the smaller this error, the 
lower the risk to reject the null hypothesis when it is 
true (larger type II error) and the smaller the power 
of a hypothesis test. The researcher will need more 
evidence to reject the null.

2. Population variability: the greater the variability, 
the greater the chance for type II error (accept the 
null hypothesis when it is false) and therefore the 
smaller the power.

3. Sample size: by decreasing the sample size, 
researchers will have a bigger type II error and 
therefore power will decrease.

4. Magnitude of difference between experimental 
conditions: the larger the magnitude, the easier it is 
to find a difference between the samples tested and 
by extrapolation the populations in question (smaller 
type II error) and therefore the power of a test goes up.

K E Y FAC T S

•	 Power of a testing hypothesis is the probability that a 
test will reject the null hypothesis when it is false and it 
is defined as 1 – β.

•	 Power depends on four factors: alpha level, population 
variability, sample size, and the magnitude of difference 
between experimental conditions.

R E F E R E N C E S

Experimental design and statistics. In: Barash PG, Cullen BF, Stoelting 
R, eds. Handbook of Clinical Anesthesia. 5th ed. Philadelphia, 
PA: Lippincott Williams & Wilkins; 2005:66.

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:270–1.

Rosenbaum SH. Statistical methods in anesthesia. In:  Miller RD, 
Eriksson LI, Fleisher LA, Wiener-Kronish JP, Young WL, eds. 
Miller’s Anesthesia. 7th ed. Philadelphia, PA: Churchill Livingstone; 
2010:3079.

4 .  A N S W E R :  B

This question discusses different research design methods. 
The classification of research design divides them first 
in longitudinal and cross-sectional studies. The former 
refers to a study performed over time, whereas the latter 
describes an experiment at a certain point in time (reli-
ance on existing differences). Longitudinal designs are 
subsequently separated into prospective or retrospective. 
Prospective are also known as cohort studies with study 
subjects monitored before an intervention occurs and thus 
allowing information about the natural history of a condi-
tion. Cohort studies can have controls that are either con-
current (parallel groups or self-control/cross over groups) 
with the study or historical. Retrospective designs are 
also known as case-control studies because they compare 
outcomes between a group after a condition/intervention 
has occurred, with a control group.

Observational studies are ones where data are collected 
but either no intervention has occurred or more impor-
tant the researcher had no control over that intervention. 
Differences can be revealed with observational studies, but 
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clear distinction of what caused these differences is unclear 
(intervention vs. other internal or external processes).

The gold standard of experimental designs is a ran-
domized, controlled double-blind study. It is random-
ized because the subjects are assigned by a random process 
and double blind because neither the researcher nor the 
subjects know in which group they have been assigned. 
Although these studies provide the most information, they 
are both expensive and labor intensive.

K E Y FAC T S

•	 Longitudinal studies are performed over time.
•	 Cross-sectional studies are from a certain point in time.
•	 Longitudinal studies are separated into prospective and 

retrospective.
•	 Prospective are also known as cohort studies with study 

subjects monitored before an intervention occurs and 
thus allowing information about the natural history of a 
condition.

R E F E R E N C E S

Experimental design and statistics. In: Barash PG, Cullen BF, Stoelting 
R, eds. Handbook of Clinical Anesthesia. 5th ed. Philadelphia, 
PA: Lippincott Williams & Wilkins; 2005:65–6.

Rosenbaum SH. Statistical methods in anesthesia. In:  Miller RD, 
Eriksson LI, Fleisher LA, Wiener-Kronish JP, Young WL, eds. 
Miller’s Anesthesia. 7th ed. Philadelphia, PA: Churchill Livingstone; 
2010:3080–1.

5 .  A N S W E R :  D

This question outlines differences between central tendency 
measures in descriptive statistics. Statistics are methods to 
organize, summarize, and interpret data. We refer to a pop-
ulation as the total number of individuals, that is, the US 
population. A characteristic that describes the population 
is known as the parameter (usually denoted in Greek letters, 
mean = μ). When we take a sample of a larger group (i.e., the 
population of WI), we have a characteristic that describes it 
and is referred to as the statistic (usually denoted in English 
letters, mean = X bar).

In an attempt to describe a distribution, we look for a 
single data point that can define its center. The mean is cal-
culated as the arithmetic average of a set of scores, that 
is, summing up all the scores and dividing them with 
the total number of subjects (ΣΧ/n, where × are the 
individual scores, weights, and measurements, and n is 
the total number of individuals. In our case:

4 6 7 8 9 3 4 8 5 54                  + + + + + + + + =( )

n  = 9
54 9 6/   =

The median is the middle of a distribution of data 
(50% of the scores lie below this score/value). The 
scores have to be arranged from smallest to largest. If n 
is odd, the median is the middle score. If n is even, the 
median is the average of the middle scores. In our case, 
scores arranged from smallest to largest (3, 4, 4, 5, 6, 7, 8, 
8, 9, n = 9) are an odd number; therefore, the median is 
the midpoint of the scores (i.e., 6). If there was an addi-
tional score, 3, 4, 4, 5, 5, 6, 7, 8, 8, 9 with n  =  10, the 
median would be the average of the middle two num-
bers, 5 + 6/2 = 5.5.

Although the mean is the preferred measure of central 
tendency, the median is used when we have outlier scores 
(extreme values) or when we have an undetermined value 
(a subject did not complete the test; therefore, there is no 
score; ΣX cannot be calculated).

K E Y FAC T S

•	 The mean is calculated as the arithmetic average of a set 
of scores; that is, summing up all the scores and dividing 
them with the total number of subjects.

•	 The median is the middle of a distribution of data (50% 
of the scores lie below this score/value).

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:72–87, 97.

6 .  A N S W E R :  C

This question describes range as a measure of variability. We 
refer to a population as the total number of individuals 
(i.e., the US population). A characteristic that describes the 
population is known at the parameter (usually denoted in 
Greek letters, mean = μ). When we take a sample of a larger 
group (i.e., the population of WI), we have a characteris-
tic that describes it and is referred to as the statistic (usu-
ally denoted in English letters, mean = X bar). Variability 
is a way to describe a distribution by evaluating each indi-
vidual score and its spread within the distribution. It helps 
us decide what kind of error we should expect if we take a 
sample from a given population.

We use three different measures of variability: the range, 
standard deviation, and variance. The range is the differ-
ence between the largest and the smallest value in a set 
of data. First, we order the data from smallest to largest and 
then we subtract the numbers. In our case,

Scores arranged from smallest to largest: 3, 4, 4, 5, 6, 7, 
8, 8, and 9.
Range = 9 – 3 = 6.
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The standard deviation (population denoted by σ, 
sample denoted by s) is a measure of the average dis-
tance of each score from the mean and since the mean 
provides the balance point of the distribution, the sum 
of all deviations equals zero. The variance (population 
denoted by σ2, sample denoted by s2) is the mean squared 
distance from the mean and since most of the times it is in 
squared units it is not as meaningful of a value.

The mean is calculated as the arithmetic average of a 
set of scores; that is, summing up all the scores and divid-
ing them with the total number of subjects (ΣΧ/n where 
× are the individual scores, weights, and measurements 
and n is the total number of individuals. The calculations 
are as noted in the following chart. In order to calculate 
the standard deviation, we square the deviations, divide 
them with the number of scores (population) or number 
of scores minus 1 (sample), and then take the square root:

σ 2 = Σ(X – μ)2/n or s2 = Σ(X – Xbar)2/n – 1 and  
s = √Σ(X – Xbar)2/n – 1

K E Y P OI N T S

•	 We refer to a population as the total number of individuals.
•	 The range is the difference between the largest and the 

smallest value in a set of data.
•	 The standard deviation (population denoted by σ, 

sample denoted by s) is a measure of the average distance 
of each score from the mean and since the mean provides 
the balance point of the distribution, the sum of all 
deviations equals zero.

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:104–9.

7.  A N S W E R :  B

This question describes mode as another measure of central 
tendency. Although the mode is the score with the absolute 
highest frequency, sometimes a distribution may have two 
high-frequency data points and is called bimodal or more 
than two and is called multimodal. The mode is the mea-
sure of central tendency that corresponds to an actual score 
in the distribution.

K E Y P OI N T

•	 The mode is the score with the absolute highest 
frequency; sometimes a distribution may have two 
high-frequency data points and is called bimodal or 
more than two and is called multimodal.

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:87–97.

8 .  A N S W E R :  A

This question describes the normal distribution and the 
proportions described by the area under the curve. Based 
on a normal distribution the mean (μ), median, and mode 
all lie in the middle and correspond to the peak of the curve. 
The sections on one side of the mean are exactly equal to 
the ones on the other side of the mean. In our scenario, 
one standard deviation from the mean corresponds to 
scores between 85 and 115 (100 ± 15)  and therefore the 
proportion is 34.1% × 2 (68%) or the probability of 0.34 
× 2 (0.68). If we want to know what percentage of the data 
lies within two standard deviations of the mean, the 
answer will be (34.1% × 2) + (13.6% × 2) = 95% (0.95). 
The data that lie within three standard deviations of the 

Scores X-Xbar (X-Xbar)2

3 −3 9

4 −2 4

4 −2 4

5 −1 1

6 0 0

7 1 1

8 2 4

8 2 4

9 3 9

SUM = 54 0 36

Mean = 54/9 = 6 S2 = 36/8 = 4.5

n = 9 s = √4.5 = 2.12

0.4

0.3

0.2

0.1

0.0

0.1%

–3σ –2σ –1σ 1σµ 2σ 3σ

0.1%
%1.2%1.2

%6.31%6.31

34.1% 34.1%

Figure 28.2 Normal (Gaussian) distribution.
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mean are about (34.1 % × 2)  + (13.6%  ×  2)  + (2.3%  × 
2) = 99% (0.99). The advantage of knowing the approxi-
mate percentage of data within standard deviations from 
the mean is that it allows you to determine extreme values 
based on results (i.e., if someone’s IQ is 130, we presume 
based on the normal IQ distribution that this person falls 
into a group of only 2.3% of the population with that high 
of an IQ).

K E Y P OI N T S

•	 The normal (or Gaussian) distribution is a very commonly 
occurring continuous probability distribution.

•	 In Gaussian distribution, one standard deviation from 
the mean corresponds to a proportion of 34.1% × 2 
(68%) or the probability of 0.34 × 2 = 0.68.

•	 Two standard deviations of the mean correspond to (34.1% 
× 2) + (13.6% × 2) = 95% with a probability of 0.95.

•	 Three standard deviations of the mean correspond to 
(34.1% × 2) + (13.6 % × 2) + (2.3 % × 2) = 99% with a 
probability of 0.95.

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:170–1.

9.  A N S W E R :  A

The null hypothesis (H0) refers to a no change or no 
relationship between the variables tested. Instead, 
the alternative hypothesis (H1) refers to a change, an 
effect present between the independent variable (treat-
ment) and the dependent variable. The null hypothesis is 
assumed true until there is evidence to reject it based on the 
data obtained. If the null hypothesis is rejected (not true), 
then the alternative hypothesis (H1) is accepted. A  type 
I error occurs when the null hypothesis is rejected but it is 
actually true. A type II error occurs when the null hypoth-
esis is accepted but it is actually false.

When we are testing a hypothesis, we set a criterion for 
decision making, the so called level of significance (α). By 
convention, α is either set at 0.05 (5%) or 0.01 (1%). This 

level is the probability to define samples that are extremely 
unlikely to be obtained if the null hypothesis is true.

K E Y P OI N T S

•	 The null hypothesis (H0) refers to a no change or no 
relationship between the variables tested.

•	 Instead, the alternative hypothesis (H1) refers to a 
change, an effect present between the independent 
variable (treatment) and the dependent variable.

•	 The null hypothesis is assumed true until there is 
evidence to reject it based on the data obtained.

•	 A type I error occurs when the null hypothesis is 
rejected, but it is actually true.

•	 A type II error occurs when the null hypothesis is 
accepted, but it is actually false.

•	 When we are testing a hypothesis, we set a criterion 
for decision making, the so-called level of significance 
(α). By convention, α is either set at 0.05 (5%) or 
0.01 (1%).

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:233–6, 244–6.

10 .  A N S W E R :  B

Statistics are methods to organize, summarize, and inter-
pret data. We refer to a population as the total number of 
individuals (i.e., the US population). A  characteristic that 
describes the population is known at the parameter (usu-
ally denoted in Greek letters, mean  =  μ). When we take a 
sample of a larger group (i.e., the population of WI), we have 
a characteristic that describes it and is referred to as the sta-
tistic (usually denoted in English letters, mean = X bar). A 
confidence interval is an interval estimate of a popula-
tion parameter rather than a sample statistic. Confidence 
intervals are used to indicate how reliable an estimate is 
but do not predict where a population parameter should 
be. For example, a 95% confidence interval for a mean indi-
cates that we are 95% confident that the calculated interval 
encompasses the population mean. With hypothesis testing, 
we reject the null hypothesis if the confidence interval does 
not include zero.

The larger the level of confidence, the wider the interval 
we expect. To have more precise interval, you have to give 
up confidence. The opposite is seen with sample size. The 
larger the sample size, the smaller the confidence inter-
val. Once you have a larger sample size, it is easier to get 
population information and allow for a better, more precise 
estimate (narrowed interval).

No effect Rx effect

H
0
 True H

0
 False

Reject H
0

α=Type I error, FP CORRECT

DECISION

Reject H
0

CORRECT β=Type II error, 
FN
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K E Y P OI N T S

•	 A confidence interval is an interval estimate of a 
population parameter rather than a sample statistic.

•	 Confidence intervals are used to indicate how reliable 
an estimate is but do not predict where a population 
parameter should be.

•	 The larger the sample size, the smaller the confidence 
interval.

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:299–302.

11.  A N S W E R :  C

This question describes the analysis of variance (ANOVA). 
ANOVA is a statistical hypothesis technique to evalu-
ate mean differences between two or more groups/
treatments/conditions. It is essentially the same test as 
the independent t-test for two groups. The calculations can 
be cumbersome when large amounts of data are involved 
but with the advent of computers, software programs such 
as SPSS and SAS have made the analysis much easier.

The test statistic for ANOVA is the F-test; it is a 
ratio of the between treatment variability divided 
with the within treatment variability and follows the 
F-distribution. The ANOVA testing questions a null 
hypothesis H

0
: all the means of the populations tested are 

the same. The alternative hypothesis H
1
 states that at least 

one of the means is different but not all.
The assumptions that should be obeyed for the ANOVA 

testing include the following:

1. Independent observations within each sample
2. Samples obtained from populations that are 

normally distributed
3. Samples obtained from populations with equal variances

The results of an ANOVA test are resulted on an ANOVA 
summary table as shown below (hypothetical results). The 
larger the F, the more likely for a significant difference 
between treatment groups.

Probability P

Fc

K E Y P OI N T S

•	 Analysis of variance (ANOVA) is a statistical hypothesis 
technique to evaluate mean differences between two or 
more groups/treatments/conditions.

•	 The test statistic for ANOVA is the F-test; it is a 
ratio of the between treatment variability divided 
with the within treatment variability and follows the 
F-distribution.

The assumptions that should be obeyed for the ANOVA 
testing include the following:

1. Independent observations within each sample
2. Samples obtained from populations that are 

normally distributed
3. Samples obtained from populations with equal 

variances

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed 
December 15, 2014. (A free instructional material on basic 
statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:387–91, 421–3.

12 .  A N S W E R :  B

Power of a testing hypothesis is the probability that a test 
will reject the null hypothesis when it is false and it is 
defined as 1 – β (β = type II error). In our case, power is 
0.8, which means that there is a 20% chance that the study 
will accept the null hypothesis when it is false and an 80% 
chance that it will reject it when it is false.

For every study, power is calculated in advance in order 
to assure an adequate number of data collected. A type II  
error (β) is the probability of failing to reject the null 
hypothesis when it is false; in other words, no real treat-
ment effect was detected.
Power depends on four factors:

1. Alpha (α) level, type I error; to reject the null 
hypothesis when it is true; the smaller this error, the 

A NOVA Summary

SOURCES SS df MS

Between Rx 30 2 15 F = 15/1.67 = 8.98

Within Rx 20 12 1.67

TOTAL 50 14

df, degrees of freedom; MS, mean square or mean of squared 
deviations; S, sum of squares.
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lower the risk to reject the null hypothesis when it is 
true (larger type II error) and the smaller the power 
of a hypothesis test. The researcher will need more 
evidence to reject the null.

2. Population variability; the greater the variability, the 
greater the chance for type II error (accept the null 
hypothesis when it is false) and therefore the smaller 
the power.

3. Sample size; by decreasing the sample size, 
researchers will have a bigger type II error and 
therefore power will decrease.

4. Magnitude of difference between experimental 
conditions; the larger the magnitude, the easier it 
is to find a difference between the samples tested 
and by extrapolation the populations in question 
(smaller type II error) and therefore the power of a 
test goes up.

K E Y P OI N T S

•	 Power of a testing hypothesis is the probability that a 
test will reject the null hypothesis when it is false and it 
is defined as 1 – β (β = type II error).

•	 Power depends on four factors: alpha (α) level, type 
I error; population variability; sample size; and 
magnitude of difference between experimental 
conditions.

R E F E R E N C E S

Experimental design and statistics. In: Barash PG, Cullen BF, Stoelting 
R, eds. Handbook of Clinical Anesthesia. 5th ed. Philadelphia, 
PA: Lippincott Williams & Wilkins; 2005:66.

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:270–1.

Rosenbaum SH. Statistical methods in anesthesia. In:  Miller RD, 
Eriksson LI, Fleisher LA, Wiener-Kronish JP, Young WL, eds. 
Miller’s Anesthesia. 7th ed. Philadelphia, PA: Churchill Livingstone; 
2010:3079.

13 .  A N S W E R :  B

The null hypothesis (H
0
) refers to a no change or no 

relationship between the variables tested. Instead, 
the alternative hypothesis (H

1
) refers to a change, 

an effect present between the independent variable 
(treatment) and the dependent variable. The null 
hypothesis is assumed true until there is evidence to 
reject it based on the data obtained. A type I error (α) 
also known as a false positive, is the probability of 
rejecting the null hypothesis when it is true; in other 
words, the researcher finds effect when there is none. A 
type II error (β) also known as a false negative, is the 
probability of failing to reject the null hypothesis 
when it is false; the data show that there is no real treat-
ment effect when there is.

K E Y P OI N T S

•	 The null hypothesis (H
0
) refers to a no change or no 

relationship between the variables tested.
•	 Instead, the alternative hypothesis (H

1
) refers to a 

change, an effect present between the independent 
variable (treatment) and the dependent variable.

•	 The null hypothesis is assumed true until there is 
evidence to reject it based on the data obtained.

•	 A type I error (α), also known as a false positive, is the 
probability of rejecting the null hypothesis when it 
is true.

•	 A type II error (β), also known as a false negative, is the 
probability of failing to reject the null hypothesis when 
it is false.

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:244–5.

14 .  A N S W E R :  C

Randomization serves to balance potential confounding 
factors between treatment groups, not to control for pla-
cebo effects. It has no effect on the power of the study or on 
the number of study subjects that are necessary. Although 
randomization may decrease certain biases in a study, only 
appropriate study design can decrease the types of bias in 
a study.

K E Y FAC T

•	 Randomization serves to balance potential confounding 
factors between treatment groups, not to control for 
placebo effects.

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:244–5.

No effect Rx effect

H
0
 True H

0
 False

Reject H
0

α=Type I error, FP CORRECT

DECISION

Reject H
0

CORRECT β=Type II error, 
FN
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15 .  A N S W E R :  D

The classification of research design divides them first into 
longitudinal and cross-sectional studies. Longitudinal 
studies refer to a study performed over time, whereas 
cross-sectional studies describe an experiment at a certain 
point in time (reliance on existing differences). Longitudinal 
designs are subsequently separated into prospective or retro-
spective. Cohort studies can have controls that are either 
concurrent (parallel groups or self-control/crossover groups) 
with the study or historical. The randomization of children 
in this study allows for decrease of bias from confounding 
factors. The researcher can add a similar random group 
of children with the same disease process but not on this 
new medication to serve as a control group. Perhaps the 
best-known example of a cohort study is the Framingham 
Heart Study (www.framinghamheartstudy.org), which 
began in 1948 with about 5000 adult subjects and is now on 
its third generation of participants. Retrospective designs 
are also known as case-control studies because they com-
pare outcomes between a group after a condition/interven-
tion has occurred, with a control group.

Observational studies are ones where data are collected 
but either no intervention has occurred or more impor-
tant the researcher had no control over that intervention. 
Differences can be revealed with observational studies but 
clear distinction of what caused these differences is unclear 
(intervention vs. other internal or external processes). The gold 
standard of experimental designs is a randomized, controlled 
double-blind study. Randomized because the subjects are 
assigned by a random process and double blind because neither 
the researcher nor the subjects know in which group they have 
been assigned. Although these studies provide the most infor-
mation, they are both expensive and labor intensive.

K E Y P OI N T S

•	 A longitudinal study refers to a study performed over 
time, whereas the cross-sectional study describes an 
experiment at a certain point in time (reliance on 
existing differences).

•	 Prospective studies are also known as cohort studies 
with study subjects monitored before an intervention 
occurs and thus allowing information about the natural 
history of a condition.

•	 Cohort studies can have controls that are either 
concurrent (parallel groups or self-control/cross over 
groups) with the study or historical.

•	 Observational studies are ones where data are collected 
but either no intervention has occurred or more 
important the researcher had no control over that 
intervention.

•	 The gold standard of experimental designs is a 
randomized, controlled double-blind study.

R E F E R E N C E S

Experimental design and statistics. In: Barash PG, Cullen BF, Stoelting 
R, eds. Handbook of Clinical Anesthesia. 5th ed. Philadelphia, 
PA: Lippincott Williams & Wilkins; 2005:65–6.

Rosenbaum SH. Statistical methods in anesthesia. In:  Miller RD, 
Eriksson LI, Fleisher LA, Wiener-Kronish JP, Young WL, eds. 
Miller’s Anesthesia. 7th ed. Philadelphia, PA: Churchill Livingstone; 
2010:3080–1.

16 .  A N S W E R :  C

Case-control studies are used to identify factors that may 
contribute to a medical condition (such as postoperative 
apnea) by comparing a group of patients of interest with a 
set of control patients. They are observational studies in 
which two existing groups differing in outcome are iden-
tified and compared on the basis of some supposed causal 
attribute. Case-control studies require fewer resources but 
provide less evidence for causal inference than a random-
ized controlled trial.

K E Y P OI N T

•	 Case-control studies are used to identify factors that may 
contribute to a medical condition (such as postoperative 
apnea) by comparing a group of patients of interest with 
a set of control patients.

R E F E R E N C E S

Experimental design and statistics. In: Barash PG, Cullen BF, Stoelting 
R, eds. Handbook of Clinical Anesthesia. 5th ed. Philadelphia, 
PA: Lippincott Williams & Wilkins; 2005:65–6.

Rosenbaum SH. Statistical methods in anesthesia. In:  Miller RD, 
Eriksson LI, Fleisher LA, Wiener-Kronish JP, Young WL, eds. 
Miller’s Anesthesia. 7th ed. Philadelphia, PA: Churchill Livingstone; 
2010:3080–1.

17.  A N S W E R :  A

Skewness is a measure of the asymmetry of the prob-
ability distribution of a real-valued random variable. 
The skewness value can be positive or negative, or even 
undefined.

Qualitatively, a negative skew indicates that the tail on 
the left side of the probability density function is longer 
than the right side and the bulk of the values (possibly 
including the median) lie to the right of the mean. A posi-
tive skew indicates that the tail on the right side is lon-
ger than the left side and the bulk of the values lie to the 
left of the mean. A zero value indicates that the values are 
relatively evenly distributed on both sides of the mean, typi-
cally but not necessarily implying a symmetric distribution 
(Fig. 28.3).
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K E Y P OI N T S

•	 Skewness is a measure of the asymmetry of the 
probability distribution of a real-valued random variable.

•	 Skewed distributions are ones where data are 
accumulated on one side.

•	 A negative skew indicates that the tail on the left side of 
the probability density function is longer than the right 
side and the bulk of the values (possibly including the 
median) lie to the right of the mean.

•	 A positive skew indicates that the tail on the right side is 
longer than the left side and the bulk of the values lie to 
the left of the mean.

R E F E R E N C E

Groeneveld RA, Meeden G. Measuring skewness and kurtosis. The 
Statistician. 1984;33(4):391–9. doi:10.2307/2987742. JSTOR 
2987742.

18 .  A N S W E R :  D

There are three characteristics of a relationship and cor-
relation, the number that describes and measures it and 
provides us with detailed information.

1. The relationship has directionality; the correlation 
number is either positive or negative, implying that 
either the two variables change in the same direction 
(positive) or change in the opposite direction (negative). 
For example, the higher the education levels, the higher 
the income (positive correlation). The higher the 
temperature, the fewer hot drinks purchased.

2. The relationship has a form; the most common 
one is a linear type. Pearson correlation (r) is a 
measure of the degree and the direction of the linear 
relationship between two variables.

3. The relationship has a strength or consistent 
pattern; perfect correlation is 1.00. Zero 
corresponds to data with no clear trend but rather 
random propensity.

Correlations allow us to predict values. Assuming we 
have a linear equation representing two variables, once 
we know one of the two variables, we can predict the 
other (GPA and SAT scores). The linear equation is rep-
resented by Y = bX + a, where b is the slope of the line 
and a is the Y-intercept (X  =  0). The statistical method 
for fitting the best straight line for a set of data is called 
regression.

Although the Pearson coefficient can be negative or pos-
itive, this does not correspond to a good or poor strength of 
a correlation. A –0.90 is as strong of a negative correlation 
as a +0.90 of a positive correlation.

Cautions interpreting correlations:

1. A correlation does not imply causality; the researcher 
will have to perform a study/an experiment with 
one variable being manipulated and the other being 
controlled, in order to show a causal link.

2. Correlation coefficients can be influenced by 
extreme data (outliers).

Causation implies that an action or occurrence is 
caused by something else (i.e., smoking causing lung can-
cer). Causation is decided by the research team and can-
not be determined by statistical analysis alone.

Correlation should not be generalized beyond the 
range of the data obtained.

K E Y P OI N T S

•	 Correlations allow us to predict values. Assuming 
we have a linear equation representing two variables, 
once we know one of the two variables, we can predict 
the other.

•	 Correlation should not be generalized beyond the range 
of the data obtained.

•	 Causation implies that an action or occurrence is caused 
by something else.

•	 Causation is decided by the research team and cannot be 
determined by statistical analysis alone.

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:510–4, 519–22.

19.  A N S W E R :  A

Measures of central tendency include the mean, the 
median, and the mode. The mean is calculated as the arith-
metic average of a set of scores; that is, summing up all the 
scores and dividing them with the total number of subjects 

Negative Skew Positive Skew

Elongated tail at the left
More data in the left tail than
would be expected in a normal

distribution

Elongated tail at the right
More data in the right tail than
would be expected in a normal

distribution

Figure 28.3 Skewness.
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(ΣΧ/n, where × are the individual scores, weights, and 
measurements, and n is the total number of individuals). 
The median is the middle of a distribution of data (50% of 
the scores lie below this score/value). The scores have to be 
arranged from smallest to largest. If n is odd, the median is 
the middle score. If n is even, the median is the average of 
the middle scores. Although the mean is the preferred mea-
sure of central tendency, the median is used when we have 
outlier scores (extreme values) or when we have an undeter-
mined value (a subject did not complete the test; therefore, 
there is no score; ΣX cannot be calculated).

For example, scores 4, 6, 7, 8, 9, 3, 10, 8, and 5, arranged 
smallest to largest: 3, 4, 5, 6, 7, 8, 8, 9, and 10.

Mean is calculated as follows: (3 + 4 + 5 + 6 + 7 + 8 + 8 + 
9 + 10) = 60, n = 9, MEAN = 60/9 = 6.7.

If we change the last score to a 50, then the mean will be (3 + 4 
+ 5 + 6 + 7 + 8 + 8 + 9 + 50) = 100, MEAN = 100/9 = 11.1.

The median will still remain the middle of the distribution 
and therefore 7.
The mode will still remain the score with the highest fre-
quency and therefore still 8.

The mode is the score or grouping with the highest fre-
quency and can be used with any scale of measurement. It 
can be used when we have nominal data (data only iden-
tified by name) and when we are describing a distribution 
(mode is the highest peak). Although the mode is the score 
with the absolute highest frequency, sometimes a distribu-
tion may have two high-frequency data points and is called 
bimodal or more than two and is called multimodal. The 
mode is the measure of central tendency that corresponds 
to an actual score in the distribution.

The standard deviation (population denoted by σ, sam-
ple denoted by s) is influenced by extreme scores, but it is 
a measure of variability and not of central tendency. It is 
defined as the average distance of each score from the mean 
and since the mean provides the balance point of the distri-
bution, the sum of all deviations equals to zero. The vari-
ance (population denoted by σ2, sample denoted by s2) is the 
mean squared distance from the mean and since most of the 
times it is in squared units it is not as meaningful of a value.

K E Y P OI N T S

•	 Measures of central tendency include the mean, the 
median, and the mode.

•	 The mean is calculated as the arithmetic average of a set 
of scores.

•	 The median is the middle of a distribution of data.
•	 The mode is the score or grouping with the highest 

frequency and can be used with any scale of 
measurement.

•	 The standard deviation (population denoted by σ, 
sample denoted by s) is influenced by extreme scores, 

but it is a measure of variability and not of central 
tendency.

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:72–92.

2 0 .  A N S W E R :  D

This question describes regression and best-fitting lines for 
regression analysis. Correlations allow us to predict values. 
Assuming we have a linear equation representing two vari-
ables, once we know one of the two variables we can predict 
the other (GPA and SAT scores). The linear equation is rep-
resented by Y = bX + a, where b is the slope of the line and 
a is the Y-intercept (X = 0). The value of × where the line 
crosses the y-axis is 0 and is called the y-intercept (y = 25 in 

our case). The value of y where the line crosses the x-axis is 
0 and is called the x-intercept (x = –12.5 in our case). The 
dependent variable is y and the independent variable is × 
(each × change makes a change in the y value). Since the 
slope of the line in our case is +2, for each unit change of x, 
the y value will increase by 2 points as noted in the chart.

The statistical method for fitting the best straight 
line for a set of data is called regression.

The Pearson correlation is a method to describe a linear 
relationship between two parameters. This coefficient can 
be negative or positive, but this does not correspond to a 
good or poor strength of a correlation. A –0.90 is as strong 
of a negative correlation as a +0.90 of a positive correlation.

K E Y P OI N T S

•	 The statistical method for fitting the best straight line 
for a set of data is called regression.

•	 The Pearson correlation is a method to describe a linear 
relationship between two parameters. This coefficient 
can be negative or positive, but this does not correspond 
to a good or poor strength of a correlation.

•	 A correlation does not imply causality; the researcher 
will have to perform a study/an experiment with 
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one variable being manipulated and the other being 
controlled, in order to show a causal link.

•	 Correlation coefficients can be influenced by extreme 
data (outliers).

•	 Correlation should not be generalized beyond the range 
of the data obtained.

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:558–66.

21.  A N S W E R :  B

The Mann-Whitney test allows a comparison of unpaired 
groups for differences in mean when the variables do not fol-
low a normal (Gaussian) distribution. It can also be used for 
ranked data. Where the data are known to follow a normal 
(Gaussian) distribution, a simple unpaired t-test can be used.

Paired samples t-tests typically consist of a sample of 
matched pairs of similar units, or one group of units that 
has been tested twice (a “repeated measures” t-test). The 
Kruskal–Wallis one-way analysis of variance by ranks is a 
nonparametric method for testing whether samples origi-
nate from the same distribution. It is used for comparing 
two or more samples that are independent, and that may 
have different sample sizes, and extends the Mann–Whitney 
U test to more than two groups.

The Kolmogorov–Smirnov test is a nonparametric 
test of the equality of continuous, one-dimensional prob-
ability distributions that can be used to compare a sample 
with a reference probability distribution (one-sample K–S 
test) or to compare two samples (two-sample K–S test). 
The Kolmogorov–Smirnov statistic quantifies a distance 
between the empirical distribution function of the sample 
and the cumulative distribution function of the reference 
distribution, or between the empirical distribution func-
tions of two samples.

K E Y FAC T S

•	 The Mann-Whitney test allows a comparison of 
unpaired groups for differences in mean when the 
variables do not follow a normal (Gaussian) distribution.

•	 Where the data are known to follow a normal 
(Gaussian) distribution, a simple t-test can be used.

R E F E R E N C E

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:284–8, 291–2, 317–21.

22 .  A N S W E R :  C

The student t-test is one of the most commonly used tech-
niques for testing a hypothesis on the basis of a difference 
between two sample means. A  two-sided or two-tailed 
test, using a significance level of 0.05, allots half of alpha 
to testing the statistical significance in one direction and 
half of alpha to testing statistical significance in the other 
direction. This means that 0.025 lies in each tail of the 
distribution of the test statistic. When using a two-tailed 
test, regardless of the direction of the relationship, one 
tests for the possibility of the relationship in both direc-
tions. If one cannot indicate the direction of any group 
mean difference in advance, then a two-sided t-test is more 
appropriate. If in doubt, a two-sided t-test should be used 
because it is more conservative and reduces the probabil-
ity of rejecting the null hypothesis when it is true (a type 
I error = α).

A one-sided or one-tailed test, using a significance 
level of 0.05, allots all of alpha to testing the statistical sig-
nificance in the one direction of interest. This means that 
0.05 is in one tail of the distribution of the test statistic. 
When using a one-tailed test, one tests for the possibility 
of the relationship in one direction and completely disre-
gards the possibility of a relationship in the other direc-
tion. The one-tailed test provides more power to detect 
an effect in one direction by not testing the effect in the 
other direction. A one-sided t-test is appropriate when one 
is certain that there either will be no difference between 
the two group means or that the difference will go in a 
direction you can specify in advance. If you consider the 
consequences of missing an effect in the untested direc-
tion and conclude that they are negligible and in no way 
irresponsible or unethical, then you can proceed with 
a one-tailed test. Choosing a one-tailed test for the sole 
purpose of attaining significance is not appropriate. 
Choosing a one-tailed test after running a two-tailed test 
that failed to reject the null hypothesis is not appropriate, 
no matter how “close” to significant the two-tailed test 
was. Because the groups in the example above are unpaired 
or unmatched, an unpaired or independent t-test is most 
appropriate.

K E Y P OI N T S

•	 The student t-test is one of the most commonly used 
techniques for testing a hypothesis on the basis of a 
difference between two sample means.

•	 A two-sided or two-tailed test, using a significance level 
of 0.05, allots half of alpha to testing the statistical 
significance in one direction and half of alpha to testing 
statistical significance in the other direction.

•	 A one-sided or one-tailed test, using a significance 
level of 0.05, allots all of alpha to testing the statistical 
significance in the one direction of interest.

 

 

 

 

 

 

 

 

http://www.graphpad.com/guides/prism/6/statistics
http://www.graphpad.com/guides/prism/6/statistics


678  •   sPecIal ProBleMs or Issues

•	 The one-tailed test provides more power to detect an 
effect in one direction by not testing the effect in the 
other direction.

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th 
ed. Independence, KY:  Cengage Learning; 2013:284–8, 291–2, 
317–21.

23 .  A N S W E R :  C

This question describes classification of statistical data. 
Data are classified into four categories also known as scales 
of measurements:  nominal, ordinal, interval, and ratio. 
Nominal data, data relating to name, describe data only 
in a qualitative way. They differentiate measurements, but 
they do not give direction or size of a difference between 
them. Examples include gender, occupation, marital status, 
and ethnicity. Ordinal data represent data in an orga-
nized ranked pattern. They allow for distinction between 
observations and provide direction; for example, 1st, 2nd, 
3rd or small, medium, and large or class rank. The inter-
val and ratio measurements still differentiate measure-
ments, and they rank them, but in addition they allow 
for both a size and a direction of the difference between 
measurements. The interval scale has an arbitrary zero 
(zero Celsius temperature does not mean there is no tem-
perature), but the ratio scale has an absolute zero and allows 
for comparisons between ratios (a test taker took 2 hours 
to complete a test and another one took 4 hours, so we can 
say that the second tester took 2x the time compared to the 
first one).

Height and weight are also ratio scales. They have abso-
lute zeroes and provide comparisons between measure-
ments. A 200 lb patient is 2x heavier than an 100 lb patient 
and a 6 ft tall man is 2x taller than a 3 ft boy.

The important distinction between all the scales of mea-
surements is that nominal and ordinal are not numerical 
and require different statistical methods for analysis such 
as chi-square testing, whereas interval and ratio scales use 
most statistical applications because they deal with numeri-
cal computations.

K E Y P OI N T S

•	 Nominal data, data relating to name, describe data only 
in a qualitative way.

•	 Ordinal data represent data in an organized ranked 
pattern.

•	 The interval and ratio measurements still differentiate 
measurements, and they rank them, but in addition they 

allow for both a size and a direction of the difference 
between measurements.

R E F E R E N C E S

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:23–5, 30–1.

2 4 .  A N S W E R :  D

Prevalence and incidence are very different epidemiologic 
measures. The prevalence of a condition is the number of 
people who currently have the condition; the incidence 
refers to the number of people per year who acquire 
the condition. A chronic disease like diabetes can have a 
low annual incidence but a high prevalence. By contrast, 
a short-duration condition such as the common cold may 
have a high incidence but low prevalence.

K E Y FAC T S

•	 The prevalence of a condition is the number of people 
who currently have the condition.

•	 The incidence refers to the number of people per year 
who acquire the condition.

R E F E R E N C E

Experimental design and statistics. In: Barash PG, Cullen BF, Stoelting 
R, eds. Handbook of Clinical Anesthesia. 5th ed. Philadelphia, 
PA: Lippincott Williams & Wilkins; 2005:65–6.

25 .  A N S W E R :  A

This question describes a scatter plot and correlation as a 
method of describing relationships between two variables. 
A  scatter plot provides visual representation of data 
and allows for a concise description of a relationship 
between two parameters. There are three characteristics of 
a relationship and the correlation, the number that describes 
and measures it and provides us with detailed information.

1. The relationship has directionality; the correlation 
number is either positive or negative, implying that 
either the two variables change in the same direction 
(positive) or change in opposite directions (negative). 
For example, the higher the education levels, the 
higher the income (positive correlation). The higher 
the temperature, the fewer hot drinks purchased.

2. The relationship has a form; the most common 
one is a linear type. Pearson correlation (r) is a 
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measure of the degree and the direction of the linear 
relationship between two variables.

3. The relationship has a strength or consistent 
pattern; perfect correlation is 1.00. Zero 
corresponds to data with no clear trend but rather 
random propensity.

Correlations allow us to predict values. Assuming we have 
a linear equation representing two variables, once we know 
one of the two variables we can predict the other (GPA and 
SAT scores). The linear equation is represented by Y = bX 
+ a, where b is the slope of the line and a is the Y-intercept 
(X = 0). The statistical method for fitting the best straight 
line for a set of data is called regression.
Although the Pearson coefficient can be negative or 
positive, this does not correspond to a good or poor 
strength of a correlation. A –0.90 is as strong of a negative 
correlation as a +0.90 of a positive correlation.

Cautions interpreting correlations:

1. A correlation does not imply causality; the researcher 
will have to perform a study/an experiment with 
one variable being manipulated and the other being 
controlled, in order to show a causal link.

2. Correlation coefficients can be influenced by 
extreme data (outliers).

3. Correlation should not be generalized beyond the 
range of the data obtained.

A histogram is a type of graph that allows depiction of 
interval or ratio scale measurements.

K E Y P OI N T S

•	 A scatter plot provides visual representation of data and 
allows for a concise description of a relationship between 
two parameters.

•	 Although the Pearson coefficient can be negative or 
positive, this does not correspond to a good or poor 
strength of a correlation.

R E F E R E N C E S

Gravetter F, Wallnau L. Statistics for the Behavioral Sciences. 9th ed. 
Independence, KY: Cengage Learning; 2013:510–4,519–22.

GraphPad Software. GraphPad statistics guide. Available at:  http://
www.graphpad.com/guides/prism/6/statistics. Accessed December 
15, 2014. (A free instructional material on basic statistics)

2 6 .  A N S W E R :  A

Crossover studies are longitudinal designs in which sub-
jects receive a sequence of different interventions/treat-
ments/exposures. Although they can be observational 
studies, the majority are controlled experiments. Each 
subject acts as his or her own control since the subjects are 
used twice and subjected to the different interventions. 
Therefore, fewer numbers are needed to perform the study. 

Table 28 .3 

TYPE OF DATA

GOAL MEASUR EMENT 

(FROM GAUSSI AN 

POPULATION)

R ANK, SCOR E, OR 

MEASUR EMENT 

(FROM NON-GAUSSI AN 

POPULATION)

BINOMI AL 

(TWO POSSIBLE 

OUTCOMES)

SURVIVAL TIME

Describe one group Mean, sd Median, interquartile range Proportion Kaplan Meier survival curve

Compare one group to a 
hypothetical value

One-sample t-test Wilcoxon test chi-square or binomial 
test

Compare two unpaired 
groups

Unpaired t-test Mann-Whitney test fisher test (chi-square 
for large samples)

log-rank test or Mantel 
Haenszel

Compare two paired 
groups

Paired t-test Wilcoxon test Mcnemar test Conditional proportional 
hazards regression

Compare three or more 
unmatched groups

One-way ANOVA Kruskal-Wallis test chi-square Cox proportional hazard 
regression

Compare three or more 
matched groups

Repeated-measures 
ANOVA

Friedman test Cochrane Q Conditional proportional 
hazards regression

Quantify association 
between two variables

Pearson correlation Spearman correlation Contingency 
coefficients

Predict value from 
another measured 
variable

Simple linear regression 
or nonlinear regression

Nonparametric regression Simple logistic 
regression

Cox proportional hazard 
regression

Predict value from 
several measured or 
binomial variables

Multiple linear regression 
or multiple nonlinear 
regression

Multiple logistic 
regression

Cox proportional hazard 
regression

Source: From Motulsky H. Intuitive Biostatistics. New York, NY: Oxford University Press; 1999.
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To minimize the effect of interactions between treatments, 
a “washout” period between interventions may be required.

K E Y P OI N T S

•	 In crossover studies subjects receive a sequence of 
different interventions/treatments/exposures.

•	 Each subject acts as his or her own control.

R E F E R E N C E S

Experimental design and statistics. In: Barash PG, Cullen BF, Stoelting 
R, eds. Handbook of Clinical Anesthesia. 5th ed. Philadelphia, 
PA: Lippincott Williams & Wilkins; 2005:65–6.

Rosenbaum SH. Statistical methods in anesthesia. In:  Miller RD, 
Eriksson LI, Fleisher LA, Wiener-Kronish JP, Young WL, eds. 
Miller’s Anesthesia. 7th ed. Philadelphia, PA: Churchill Livingstone; 
2010:3080–1.
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A
Abdominal insufflation

carbon dioxide, 631
organ effects, 631

Abdominal malrotation, 219–220, 219f
Abdominal surgery, neonatal, caudal 

block, 394
Abdominal wall pain, chronic, in anterior 

cutaneous nerve entrapment 
syndrome, 417

Absorption
cocaine, cotton pledget, 433
drug, 6–7, 6t
local anesthetic rate, injection site, 

559, 560
Abuse, child, 492, 662

scald injuries, 498
skin injuries, 662

Accelerations, fetal, 338
Accessory pathway, Wolff-Parkinson-White 

syndrome, 162
Accreditation Council for Graduate 

Medical Education, 659
Acetaminophen

for circumcision, 410
vs. ketorolac, 63
for postoperative pain control, pyloric 

stenosis, 50
Acetazolamide, 471, 471t
Acetylcholine esterase, fetal blood 

access, 334
Acetylcholine receptor upregulation

burn injuries, 498
nondepolarizing muscular 

relaxants, 66–67
Achondroplasia, 258, 302–303
Acidosis, metabolic, pyloric stenosis, 224
Acoustic shadow, transverse process, 556f, 

575, 575f, 576
Acquired subglottic stenosis, 429
Acrocephalosyndactylyl type II, 596–597
Acrocephalosyndactyly syndromes, 

306–307. See also Apert syndrome
ACTH deficiency, craniopharyngiomas, 

205, 206
Action potentials, compound 

muscle, 30–31
Activate partial thromboplastin time 

(aPTT), neonate, 272
Acupuncture, 416
Acute hemolytic reactions, 311–312

transfusion, 626
Acute kidney injury, 240
Acute leukemia, 282–283, 283t
Acute lymphoblastic leukemia, 282–283
Acute mastoid osteitis, 443
Acute myeloid leukemia, 282
Acute normovolemic hemodilution, 

483, 546

Acute otitis media, 443
Acute renal failure, newborn, 241–242
Acute respiratory distress 

syndrome (ARDS)
Berlin definition, 633
clinical features and 

pathophysiology, 95
hypoxemia, degree of, 633, 634
pancreatitis, 95
ventilation and anesthetic care, 95, 

633–634
ADAM complex, 359
Addison crisis, 256
Adenoidal hyperplasia, 426
Adenoidectomy

dexamethasone for, 431
Down syndrome, 532–533
inhalation induction, 49
obese, 8–9
obstructive sleep apnea, 648–649

Adenosine, for supraventricular 
tachycardia, 148–149

Adjuncts, local anesthetic, 573
Adrenal carcinoma, Cushing 

syndrome, 262
Adrenal crisis, 264–265
Adrenal insufficiency, 627–628
Adriamycin, side effects, 482, 482t
Adventitia, 216–217
Adverse events, 526
Agitation, emergence. See Emergence delirium
Air-embolism monitoring devices, relative 

sensitivity, 183–184, 184f
Air-filled cavities, nitrous oxide 

expansion, 28–29
Air injection, infant epidural space, 576
Airway

infant vs. adult, 6, 11
neonatal, 398

Airway closure, infant, 83–84, 83f, 83t
Airway, difficult. See also specific disorders 

and syndromes

management, 602, 603f, 604f
syndromes, 594–595
Tetralogy of Fallot, 163

Airway edema, infant vs. adult, 84, 84f, 85f
Airway exchange catheters, 33
Airway fire, 427f, 432, 436–438
Airway foreign body aspiration, 97–98
Airway irritability, desflurane-induced, 

603–604
Airway management, noninvasive, 525
Airway obstruction

anesthesia depth, 589
differential diagnosis, 98
fixed, on flow-volume loop, 96, 96f

Alagille syndrome, 218, 219
Albumin

burn patients, 501

heart, neonatal, 152
infant, 6–7, 8, 48
local anesthetic binding, 71
neonate, 564

Albuterol
for anaphylaxis, perioperative, 68
for bronchospasm, 53

Alcohol use, maternal, pregnancy, 322
Alkalosis, hypothermic, 159
Alkalosis, metabolic

hypokalemic, hypochloremic, 224, 
225, 399, 400

normotensive hypochloremic, 
hypokalemic, chloride depletion, 551

pyloric stenosis, 224, 225, 399, 400, 
538, 539

transfusion, massive, 493
Allodynia, 410, 414, 416
Allowable blood loss, 371, 627
Alpha (α), 668, 671, 671t, 672–673
Alpha motor neuron monitoring, anterior 

spinal cord, 30–31
Alpha-stat management, 117, 159

for arterial blood gases, 
hypothermia, 159

α
1-

acid glycoprotein, 6–7, 8
burn patients, 501
infant, on dose responses, 48
local anesthetic binding, 71
neonate, 564

α
2
-macroglobulin, newborn, 273, 273t

Alport syndrome, 466
Alternative hypothesis, 671, 673

ANOVA testing, 672
Altitude, high, 26–27
Alveolar pneumocytes, type 2, 86, 87

surfactant, 87–88
Alveolar ventilation

infant, 88
inhaled anesthetic F

A
/F

I
, 65

neonate, 396
Alveolar ventilation (AV)/functional 

residual capacity (FRC), 599
inhalational anesthetic uptake, 48

Alveoli, gestational formation, 82
Ambiguous genitalia of female, 255–256
Amide anesthetics. See also specific types

clearance, 564, 582
Amino acid metabolism disorders, 

318–319
Aminocaproic acid, orthopedic 

oncology, 483
Aminoglycosides. See also specific types

neuromuscular blockade, 52
ototoxicity, 60

Amiodarone
hyper-/hypo-thyroidism from, 

253–254
T3 receptor binding, 254

Amniotic band sequence, 359–360
Amniotic fluid production, 239
Ampicillin, IV dosages, 59
Ampicillin-sulbactam, IV dosages, 59
Amplitude

SSEP, 31–32, 177, 190–191, 191t, 197–198
ventilation, 34, 35

Amsorb Plus, 38
Analysis of variance (ANOVA), 667, 668, 

672, 672f, 672t, 679t
Anaphylaxis

antibiotic, 53, 68
bradycardia, 624
hypotension, sudden, 178, 196
incidence and diagnosis, 623–624
induction, 68
latex, 529–530 (See also Latex allergy)
pathophysiology, 624
Ring and Messmer scale, 623, 624
treatment, 53, 522

Anatomic dead space, 25
Anemia

congenital hypoplastic, 371
Diamond-Blackfan, 371
hemolytic, 371
infant nadir, 366
iron deficiency, 371
physiologic, 519
transient erythroblastopenia of 

childhood, 371
Anemia of infancy, physiologic, 

273–274, 395
hemoglobin A and F, 370–371
premature infants, 371

Anemia of prematurity, 371
Anencephaly, 208, 378–379, 379t
Anesthesia depth

airway obstruction, 589
inhalational induction, 595–596

Anesthetic agents. See also specific agents

on ascending reticular activating 
system, 337

on brain and neurological 
development, 368–369

dosing, 583
fetal, 336–337
partial pressure, 26–27
risks, 526
on uteroplacental blood flow, 335

Angelman syndrome
airway management, 449
obstructive sleep apnea, 456

Angiotensin-converting enzyme 
inhibitors, fetal effects, 240, 241

Angiotensin II, high fetal, 240
Ankle block, 579

bunionectomy, 578–579
nerves, 5, 19–20, 19f

Ankle-clonus test, 485

INDEX

Page numbers followed by t and f refer to tables and figures, respectively.
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Ankle dorsiflexion, nerves, 564
Ankle eversion, nerves, 564
Ankle inversion, nerve, 564
Ankle plantar flexion, nerves, 564
Anomalies, fetal. See specific types

Anomalous pulmonary venous 
connection, 169–170

ANOVA
one-way, 679t
repeated-measures, 679t

Antebrachial cutaneous nerves, 565
Anterior cutaneous nerve entrapment 

syndrome, 417
Anterior ischemic optic neuropathy, 

619, 620
Anterior mediastinal mass

biopsy surgery, 91–92, 521
lymphoma, 521–522
preoperative evaluation, 91, 92, 521
preoperative imaging and tests, 530, 530f
types, 530
vascular/airway compromise, 91–92, 

521, 522
Anterior superior iliac spine, 11–12
Anthracycline-induced cardiomyopathy, 

279–280
Antibiotics. See also specific agents and 

disorders

anaphylaxis, 53, 68
dosages, IV, 59
surgical prophylaxis, indications, 

141–142 (See also specific surgeries 

and symptoms)
Anticholinergic agents. See also 

specific agents

mydriasis from, 71–72
Anticoagulants. See also specific agents

ECMO, 636
natural, 272, 273t
neuraxial block, 583

Anticonvulsants. See also specific agents

on anesthetic metabolism, 182
for brain tumors, 205
on hematologic function, 181, 182
hepatotoxicity, 181, 182

Anticonvulsants, chronic
hepatic microsomal enzyme induction 

by, 204, 205
on neuromuscular blockade, 74

Antidiuretic hormone (ADH)
inadequate response, 252–253 (See also 

Diabetes insipidus)
kidney effects, 200, 200t
trauma, surgery, and stress on, 257

Antidiuretic hormone (ADH) deficiency, 
200, 200t

diabetes insipidus, 182 (See also 
Diabetes insipidus)

Antiepileptics. See also specific agents

preoperative testing, 53–54
Antifibrinolytics, 534–535. See also 

specific agents

orthopedic oncology surgery, 483
Antithrombin, 272, 273t

newborn, 273, 273t
Anxiety, preoperative, 441, 520

parental presence, 520–521
risk factors, 615
significance, 615
teenagers, 534
treatment, 520, 615–616

Anxiolysis, 650
Aortic arch development, 112
Aortic arch, double, 459–460
Aortic root disease, Marfan syndrome, 

187, 309, 480

Aortic sac, 112
Aortic stenosis

LV hypertrophy, etomidate for, 120
supravalvular, Williams syndrome, 

131, 132
supraventricular, sudden death, 168

Aortic stenosis, critical
aortic valve repair, ketamine effects, 

149–150
neonatal, 134
treatment, 134

Apert syndrome, 187, 188, 306–307
airway difficulties, 594
craniosynostosis, 177, 187–188, 

398, 450
inheritance and diagnosis, 450
otolayrngological features, 450
presentation and anomalies, 305, 450
syndactyly, 451

Apgar score
≥8, 360–361, 361t
<4, 360
determinants, 360, 361t

Apnea
central, 369–370
chemoreceptors, 370
definition of, 369
obstructive, 369
postanesthetic, 226
term infants, 226

Apnea hypopnea index, 93, 426, 648–649
Apnea, newborn, 361, 362
Apnea of prematurity, 226, 369–370

caffeine for, 370, 393–394
Apnea, postoperative

caffeine for, 393–394
contributing factors, 643–644
preterm and former premature infant 

risk, 643, 644
prevention, 537–538
pyloric stenosis, 224, 225
risk factors, 643
sedatives, 643–644

Apnea testing, brain death, 660
Apneic oxygenation, 436
Appendicitis, acute, 230–231
Appropriate for gestational age, 147
Aprepitant, PONV prevention, 68
Arachnoid granulations, 207
Arnold Chiari malformation  

type II, 379
meningocele, 177, 192, 196, 200–201
myelomeningocele, 537

Arrhythmias. See also specific types

most common, 137–138
Arterial blood gas management, DHCA, 

159–160
Arterial blood pressure waveforms

damping, 32
dicrotic notch and cardiac  

cycle, 33, 33f
Arterial line waveform, damping, 32
Arterial pressure monitoring

brachiocephalic, subclavian, and 
axillary artery, 17

radial artery, 16–17
temporal, 17

Arterial saturation, true, vs. pulse 
oximeter reading, 31

Arterial switch operation, 173–174
Arterial waveform, dicrotic notch, 33, 33f
Arterioarterial connections, twin-twin 

transfusion syndrome, 347
Arterioles

adult vs. neonate, 151
development, 151

Arteriovenous anastomosis, twin-twin 
transfusion syndrome, 347

Arteriovenous canal
complete, pathophysiology, 114
transitional, 113, 113f

Arteriovenous malformations, age of 
discovery, 176, 184–185

Ascending reticular activating system, 
anesthetics on, 337

Aspiration
foreign body, 97–98, 425, 442
morbid obesity risk, 235–236
pulmonary, perianesthetic, 597–598

Aspiration pneumonitis, chronic, 236
Assent, 660
Asthma, 98, 524
Ataxia disorders, 314
Ataxia-telangiectasis, 311
Atelectotrauma, 372
Atlantoaxial instability, 426
Atrial fibrillation, intrauterine, 140
Atrial natriuretic peptide, burn injuries, 

504, 505
Atrial septal defects (ASDs), 515

anesthetic considerations, 515
closure, spontaneous, 154
incidence, 154
prognosis, 154
TEE, 107f, 153–154

Atrioventricular (AV) canal defects
anesthetics, 168
classification, 114
complete, 113, 113f, 114, 168, 169
incomplete, 113, 113f, 114
partial, 113, 113f, 168, 169
transitional, 113, 113f, 168, 169

Atrioventricular reciprocating 
tachycardia, 162

Atrioventricular (AV) septal defects, 113, 
113f, 533, 533f

Atropine
blood-brain barrier, 49
long QT interval, 55

Attention-deficit/hyperactivity 
disorder, 203

Auditory evoked potential monitoring, 35
Auerbach’s plexus, 216
Autism, 516
Autism spectrum disorder, 203, 534
Autonomic hyperreflexia, 196
Autonomic ocular physiology, 

471–472, 472t
Avascular necrosis of femoral head, 

corticosteroid, 61
Awake craniotomy, 181, 205
Awareness

under anesthesia, 621–622
intraoperative, 620–621

a wave, 33, 33f
Axial resolution, ultrasound, 40
Axillary approach, brachial plexus block, 

560–561, 574, 574f
complications, 408

Axillary arterial pressure monitoring, 17
Axillary nerve block, 574, 574f
Axillary temperature, 550–551
Ayres T-piece, 25

Jackson-Rees modification, 25, 25f, 37
Azathioprine, 278
Aβ fibers, 209
Aδ fibers, 209, 412

B
Baclofen, 202

actions, 202
cerebral palsy, 197

for chronic pain, 411
side effects, 202
withdrawal, abrupt, 178, 196–197, 202

Bactrim allergic reaction, celecoxib 
avoidance, 54

Bain circuit, 26
Baralyme, 37–38
Barbiturates. See also specific types

on GABA
A
 receptor, 206

for intracranial pressure increase, 70
Bariatric surgery, 235–236
Barotrauma, 372
Battery ingestion, 229
Becker muscular dystrophy, 141, 296, 298
Beck’s triad, 126
Beckwith-Wiedemann syndrome

airway difficulties, 594
airway management, 449, 541–542
anesthetic considerations, 258, 

541–542
cardiac echocardiogram, 541
etiology and characteristics, 218, 219, 

258, 310, 541
gene mutations, 258, 310
hypoglycemia, neonatal, 317
neuroblastoma, 257–258
omphaloceles, 217–218, 536
perioperative concerns, 218
tumor risks, 258, 541
Wilms tumors, 281

Benzocaine, methemoglobinemia from, 
297, 562

Benzodiazepines. See also specific agents

for cardiac effusion and 
tamponade, 144

on fetus, 155
on GABA

A
 receptor, 206

infant, on brain and neurological 
development, 368–369

Beta (β), 668, 671, 671t, 672, 673, 673f
Beta

2
 adrenergics, on uterine muscle, 

339, 340
Beta-blockers. See also specific agents

fetal effects, 240
for hypertrophic cardiomyopathy, 

139–140
for hypertrophic obstructive 

cardiomyopathy, 125
for long QT, 127–128
ocular effects, 472, 472t

Biliary atresia, 235
Bilirubin, 374–375
Bimodal distribution, 670
Birth weight

birth to 1 year, normal, 372, 373
extremely low, 147
low, 147
very low, 147

Bispectral index, 35, 621
Bivona tracheostomy tubes, MRI, 193
Bladder development, fetal, 239
Bladder exstrophy, 246
Bladder temperature, 551
Blalock-Taussig shunt, 123, 130–131. See 

also Norwood procedure
Blast injury, 504
Bleomycin, 278

chemical sclerotherapy, 632
side effects, 482–483, 482t

Blindness, cortical, 619
Blood access

fetal, 334–335
fetal, selected drugs, 335t

Blood-brain barrier, 49
Blood-brain barrier, agents crossing

anesthetics, 49



Index  •   683

fentanyl vs. morphine, 62–63
opiates, 62–63
transport, 62–63

Blood components, 274
Blood flow

cerebral (See Cerebral blood flow)
pulmonary, fetal to postnatal 

circulation transition, 119
spinal cord, 207
systemic, in utero, 118–119
umbilical, 335, 336

Bloodless medicine management, 
534–536, 535t

Blood loss
allowable, 371, 627
estimating, 7
hematocrit, 7–8

Blood, maternal, placental barrier, 
155, 334

Blood perfusion, maternal, 335, 336
Blood preservation strategies, 

534–536, 535t
Blood pressure measurement

invasive, 32
neonate, term, 396

Blood transfusions
chronic, sickle cell disease, 275
infections, 625
massive, coagulopathy, 492–493
massive, complications, 493
refusal, 661

Blood viscosity, normovolemic 
hemodilution, 486–487

Blood volume, 62
adult, 627
circulation, 116, 117
neonate, 396
preterm infant, 443, 444, 627
term infant, 443, 444, 627

Blue Tet, 164
Blunt trauma, 493
Bochdalek congenital diaphragmatic 

hernia, 366–367, 384, 398
Body composition, 62, 549
Body mass index (BMI)

calculation and charts, 234–235
obesity, 234–235
obesity, morbid, 234–235
obesity, perioperative concerns, 8–9

Body temperature. See Temperature
Body weight. See Weight
Bombings, blast injury, 504
Bone marrow, 15–16
Bones, long, 15–16
Bony overgrowth syndromes, 315
Bowel obstruction, nitrous oxide, 28
Bowel, term neonate, 232, 233
Boyle’s law, 27
Brachial plexus anatomy, 560, 560f, 566
Brachial plexus block

axillary approach, 560–561, 574, 574f
dermatomes, 560, 560f
hand surgery, 578, 579
infraclavicular approach, 408, 560, 

579–580
interscalene approach, 560, 566, 574
phrenic nerve blockade, 566
recurrent laryngeal nerve, 566
supraclavicular, 574–575
supraclavicular approach, 560, 566, 

579–580
Brachiocephalic arterial pressure 

monitoring, 17
Bradyarrhythmia

anaphylaxis, 624
fetal, 331, 338

succinylcholine, 72
Brain. See also Traumatic brain injury

development, anesthetics on, 368–369
growth, 0-2 yrs, 209
suture closure, 209

Brain death, diagnosis, 660
Brain tumors, 205. See also specific types

anticonvulsants, 205
Branchial arch defects, 594–595
Breach of standard of care, 658
Breathing system

circle, 36
circle, CO

2
 absorbers, 37–38

pediatric, 36
Bronchial blockers, 607–608. See also 

specific types

Bronchogenic cysts, 389
Bronchopulmonary dysplasia, 372, 

632–633, 632t
neonatal surgery, 365

Bronchoscopy
fiberoptic intubation, 600–601, 601f
oxygen delivery, 435–436

Bronchoscopy, flexible, risks, 425
Bronchoscopy, rigid

risks, 425
tracheoesophageal fistula, 223
ventilation, 434

Bronchospasm
albuterol for, 53
asthma post-induction, ventilation 

choice, 98
Brown fat, 546, 635
Bruises, child abuse, 492
Bunionectomy, nerve blocks, 578–579
Bupivacaine, 60, 61

cardiotoxicity, 555f, 569–570, 572
cardiovascular collapse  

from, 155–156
dosing, 569, 569t, 578, 578t
dosing, maximum, 67t, 68
elimination time, 569
intravenous injection, 569–570
metabolism, 578, 578t
toxicity, 67t, 68, 580
uses, 155–156
for vesicoureteral reflux surgery, 70

Burn injuries, 495–505
acetylcholine receptor 

upregulation, 498
anesthesia, 499
atrial natriuretic peptide, 504, 505
core temperature, 499
electrical, 503
enteral feeding, 502
entrance wounds, 503
eschars, 498–499
excision and grafting, early, 502
exit wounds, 503
fluid administration and colloids, 496
high-voltage, 503
hyperalgesia, 501
hypermetabolic state, 502
inhalational, 495–496
intubation, 496
large surface area, 496
low-voltage, 503
nondepolarizing muscle relaxant 

resistance, 498
pain control, 501
Parkland formula, 496
renal dysfunction, acute, 504–505
room temperature, 499
rule of nines, 497–498, 497f
scalds, 498
succinylcholine sensitivity, 498

temperature regulation, 499
treatment, 396, 504–505

Button battery ingestion, 229

C
Caffeine

for apnea of prematurity, 370, 393–394
on nighttime sleep, 658
for postoperative apnea, 393–394

Caffeine citrate, 394
Calcium channel blockers. See also 

specific agents

for hypertrophic cardiomyopathy, 125, 
139–140

on uterine muscle, 339–340
Calcium channels

gabapentin, 412, 413, 414
pain modulation, 412
pregabalin, 412

Calcium-chelating substances, on 
neonatal heart, 152

Cancer, childhood, 205, 283–284. See also 

specific types

detection, 283
Cannot Intubate Cannot Ventilate, 

602, 603f
Capillary telangiectasias, 185
Capnometer, sidestream, neonatal 

ETCO
2
-PaCO

2
 difference, 36

Capsaicin, on TRPV channels, 412
Carbamazepine, 53–54
Carbohydrate metabolism disorders, 

319–320
Carbon dioxide. See CO

2

Carbon monoxide poisoning, 497
Carboxyhemoglobin

misreading, 497
on pulse oximeter, 38

Carboxyhemoglobinemia, 31
Cardiac. See also Heart
Cardiac arrest

adult, 135, 136
anesthesia-related, causes, 605
bupivacaine IV injection, 555f, 

569–570
children and infants, 136
newborn, 136
Pediatric Perioperative Cardiac Arrest 

Registry, 605
perioperative, 618

Cardiac cycle, 33, 33f
dicrotic notch, arterial waveform, 

33, 33f
Cardiac effusion, 144
Cardiac fibromas, 126, 138–139
Cardiac hypertrophy, asymmetric 

septal, 125
Cardiac imaging, fetal, 346, 347
Cardiac index, neonatal, 599
Cardiac output

inhaled anesthetic F
A

/F
I
, 65

inotropes on, neonates and infants, 152
on oxygen-carrying capacity, 85
pulmonary to systemic, vascular 

resistance, 114
Cardiac output, fetal

combined, 112–113
gestational, 335, 336
surgical, 346, 347

Cardiac resynchronization therapy, 133
Cardiac sinus arrest, from 

succinylcholine, 72
Cardiac tamponade, 126, 144
Cardiac transplant

airway management, 135
anesthetic management, 135

antibiotic prophylaxis presurgery, 
141–142

cause of death 12 years after, 156–157
congenital, 135, 136
contraindications, 137
direct medications, 135, 136
functional denervation on vagal tone 

and baroreceptor reflex, 128, 129
iNO for RV dysfunction, 128–129
intraoperative considerations,   

136–137
pretransplant evaluation, 137, 137b
PVRI and TPB screening, 137, 137b
suitability, critical test, 137, 137b

Cardiac tumors, 126–127, 138–139
Cardiomyopathy

anthracycline, 279–280, 280f
dilated (See Dilated cardiomyopathy)
dilated vs. hypertrophic, 140
disorders, 125
hypertrophic (See Hypertrophic 

cardiomyopathy)
myocarditis, 142–143
pathophysiology, 125
restrictive, 150

Cardiopulmonary bypass
acid-base management, 117
adult vs. pediatric, 116t
congenital bicuspid aortic valve repair, 

agents complicating, 149
failure to wean, RV dysfunction, 

128, 129
hemodilution, 116–117, 116t
neurological preservation, 166
prime volume for normothermia, 

116, 117
Cardiopulmonary resuscitation (CPR), 

135–136
Cardiovascular collapse

bupivacaine, 155–156, 555f, 
569–570, 572

signs, 492
Case-control studies, 674
Catabolic starvation, 550
CATCH 22 syndrome, 254, 304, 305
Catecholamines. See also specific types

for cardiac effusion and 
tamponade, 144

fetal stress response, 367, 368
pheochromocytoma, 256–257

Caudal blocks
complications, 561–562
epidural, 10, 410
infant, performing, 562–563, 563f
neonatal, for genitourologic and 

abdominal surgery, 394
neonatal, inadvertent intrathecal 

injection, 576–577
structures encountered, order, 570

Caudal space, 570
Causation, 658, 675
Cefazolin, IV dosages, 59
Celecoxib, sulfonamide allergic 

reactions, 54
Celiac crisis, 232
Celiac disease, 232
Cell-mediated immunity, 311, 312
Cell salvage technology, cancer 

surgery, 483
Central chemoreceptor, PaO

2
 and pH 

response, 436
Central core disease, 300, 301,  

568, 569
malignant hyperthermia, 50–51, 295
succinylcholine, 50–51

Central diabetes insipidus, 182, 550
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Central nervous system. See also 
specific topics

development, 208
tumors, 283–284, 283t

Central retinal artery occlusion, 549
Central tendency measures, 669, 670, 

675–676
Central venous catheter, renal 

transplantation, 247, 248
Cephalosporin, IV dosages, 59
Cereal perfusion pressure, 201
Cerebral autoregulation

at birth, 207–208
preterm infants, nonanesthetized, 

207, 208
Cerebral blood flow

cerebral metabolic rate for oxygen 
consumption on, 207

fetal, third trimester, 373
global, child vs. adult, 207
hypoxia, 208, 208f
mannitol-induced transient 

increase, 203
PaCO

2
 relationship, 208, 208f, 436

preterm neonate, 373
Cerebral edema

dexamethasone for, 204
diffuse, 201

Cerebral glucose utilization, age on, 207
Cerebral palsy, 66–67, 481, 528–529, 

568, 569
anesthetic considerations, 481, 

516–517
clinical features, 481, 516
dexmedetomidine, 516, 517
neuraxial anesthesia placement, 

568, 569
neuromuscular blockade, 66–67
nondepolarizing muscle 

relaxants, 66–67
pathophysiology, 196, 197, 528–529
pulmonary and respiratory reserve, 529
scoliosis, 529
scoliosis surgery, 178, 196–197
seizure disorders, 516
spasticity, skeletal muscle, 196–197, 

202, 516, 517
succinylcholine, 481
types and classification, 528–529, 528t

Cerebral salt wasting, 199–200, 200t, 
254–255

etiology, 547
vs. SIADH, 255
treatment, 547

Cerebrospinal fluid
flow, posterior fossa tumors, 205
increased volume, on spinal anesthesia, 

567–568, 583
production and circulation, 207, 

567–568, 583
Cerebrovasodilation, additive, 208
Cervical spine injuries, 494
Cesarean section

medications and anesthetics, 333–334
neonate, patent foramen ovale, 

118–119
C fibers, 209, 411
Charcot-Marie-Tooth disease, 449
CHARGE syndrome, 596–597

cardiac abnormalities, 452, 596
characteristics and components, 

306, 452
choanal atresia, 428, 452
diagnosis, 596
embryologic basis, 596
perioperative concerns, 453, 596

Charle’s law, 88
Chemical sclerotherapy, 631–632
Chemotherapy, 278–279. See also 

specific agents

systems-based toxicity, 279t
Chest wall compliance, infant, 82
Chest wall relaxation, infant, on  

FRC, 88
Child abuse, 492, 662

scald injuries, 498
skin injuries, inflicted, 662

Chi-square hypothesis testing, 
667–668, 679t

Chlorhexidine, for spinal, 59
Chloride depletion, normotensive 

hypochloremic, hypokalemic, 
metabolic alkalosis, 551

2-Chloroprocaine, 578, 578t
dosing and metabolism, 578, 578t
epidural, 580
maximum dose, 67t

Choanal atresia, 428, 452
Choroidal blood volume, 472, 472t
Chromaffinic tumors, 256
Chromosome 22q11 microdeletions, 

304–305
Chronic anticonvulsant therapy, 74, 

204, 205
Chronic otitis media, 443

tympanostomy tubes for, 432–433
Chronic pain

care, 406
multimodal drug therapy, 411
presentation and evaluation, 406–407
prevalence, 406–407
red flags, 406, 406b, 407
treatment, 406

Chronic renal insufficiency, renal 
transplantation, 247

Chronic serous otitis media, 430–431
Chvostek sign, 260, 552
Cimetidine, 197
Circle breathing system, 36

CO
2
 absorbers, 37–38

Circle system, 25
Circulation, 151, 376–377

fetal, 16–17, 17f, 112–113, 118–119
fetal to postnatal transition, 119
persistent fetal, 151, 376–377, 395

Circumcision, 410
Cisatracurium, pseudocholinesterase 

deficiency, 51
Cisplatinum, 278–279

side effects, 482, 482t
Cleft lip, 438, 457

surgery, 457–458
Cleft palate, 438

Apert syndrome, 450
CATCH-22 syndrome, 304, 305, 536
DiGeorge syndrome, 254, 455
Goldenhar syndrome, 305, 453
isolated, 457
Klippel-Feil syndrome, 451, 479, 

606, 607
Pierre Robin syndrome, 187, 188, 

218, 219, 305, 306, 438, 440, 441, 
458, 593

surgery, 457–458
Treacher-Collins syndrome, 306, 451, 

458, 594, 607
Turner syndrome, 307
velocardiofacial syndrome, 438

Clindamycin
dosages, IV, 59
for endocarditis prophylaxis with 

penicillin allergy and VSD, 126

Cloaca, 246
Cloacal exstrophy, 246

gestational development, 239, 240
omphaloceles, 217–218

Clonidine, adjunct, 573
Closing capacity, 83–84, 83f
Closing volume, 83
Clubfoot deformity correction, 

574–575, 575f
CO

2

abdominal insufflation, 631
fetal, reaching lungs, 113
organ effects, 631

CO
2
 absorbers, 37–38

CO
2
 clearance, 34–35

CO
2
 laser, risks, 431–432

Coagulation. See also specific disorders

hypothermia on, 35, 36
neonatal system, 272–273

Coagulation defects, fresh-frozen plasma 
for, 274

Coagulation factors, 272, 272t
Coagulopathy

massive transfusion, 492–493
valproate-induced, 181
valproic acid, 176, 181–182

Coalescent mastoiditis, 443
Coarctation of the aorta, 174–175
Cobb angle, 188–189, 188f
Cocaine

absorption, cotton pledget, 433
classifications, 433
in pregnancy, 321–322
pseudocholinesterase deficiency, 433

Cochlear implant surgery, 441
Codeine

CYP2DB biotransformation, 408
metabolism, 75
potency and dosing, 418, 418t
risks, 431

Cognitively impaired pain assessment 
(r-FLACC), 415, 415t

Cohort studies, 668, 669, 674
Cold stress, infant, 548
Colloids, for burn injuries, 496
Colon, term neonate, 232, 233
Coma score, Glasgow, 494–495, 495t
Common peroneal (fibular) nerve

anatomy, 19–20, 19f
foot drop, 580–581

Communication skills, 659
Complete atrioventricular canal defects, 

168, 169
Complex regional pain syndrome, 407, 

410, 416–417
Compliance

chest wall, infant, 82
definition, 82
specific, 82

Composition, body, 62, 549
Compound muscle action 

potentials, 30–31
Compressed gas cylinders, 27, 27b
Conditional proportional hazard 

regression, 679t
Conductive hearing loss, 441
Confidence interval, 671–672
Confidentiality

emancipated and mature minors, 
660–661

physician–patient, 660–661
Congenital adrenocortical insufficiency, 

255–256
Congenital cystic adenomatoid 

malformations, 340, 341, 389
general anesthesia, 341

mortality and complications, 341
Stocker classification, 341
surgery, neonatal, 364, 365

Congenital cystic lesion, 389
Congenital diaphragmatic hernia, 348, 

384–385
associations, 366
Bochdalek, 366–367, 384, 398
clinical signs and diagnosis, 366, 

384–385, 385f, 398
epidemiology and etiology, 366, 384
Morgagni, 366, 384
paraesophagal, 384
pathophysiology of, 384–385

Congenital diaphragmatic hernia 
surgery, 348

anesthetic management, 385, 398–399
EXIT procedure, 348, 349
fetal, 385
neonatal, 364, 365, 385
preductal arterial line, 16–17
umbilical venous catheter 

placement, 9–10
Congenital heart disease, 531–532. See 

also specific types

cleft lip/palate, 457
cyanotic, 393 (See also Tetralogy of 

Fallot)
endocarditis prophylaxis, 124–125, 

141–142
noncardiac surgery, adult, 135
pulmonary hypertension from, 

140–141
Congenital hyperinsulinism, neonatal 

hypoglycemia, 317
Congenital hypoplastic anemia, 371
Congenital hypothyroidism, 262
Congenital lobar emphysema, 364, 365, 

389–390, 390f
Congenital myopathies, 301–302
Congenital narrowing of posterior 

choanae of nose, 427–428
Congenital nasolacrimal duct 

obstruction, 473
Congestive heart failure, 533

first 3-4 weeks of life, 114
Conjoined twins, 637–638, 637t
Conjugated hyperbilirubinemia, 374–375
Conn disease, 259–260
Conn syndrome, 264
Conscious sedation, 650
Consent, informed, 526–527
Context-sensitive half-time, infant, 8
Controlled ventilation, efficiency, 25, 26
Conus medullaris, 582
Convective heat loss, 30, 35, 548
Convective warming, 499
Conventional ultrafiltration, 170
Co-oximetry

carbon monoxide, 497
methemoglobinemia, 270

Cord clamping, delayed, 392
Core competencies, six, 659
Core temperature, 634–635

burn injuries, 499
thermoregulatory control, 550–551

Corneal abrasion, postoperative,  191–192
Coronary artery aneurysms, Kawasaki 

disease, 142
Correlation, 666f, 675, 676

characteristics, 678–679
Correlation coefficients, 676
Correlation number, 678
Cortical blindness, 619
Cortical somatosensory evoked 

potentials, 30, 31
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Corticosteroids. See also specific types

for anaphylaxis, 53
avascular necrosis of femoral head 

from, 61
on surfactant production, 87
for traumatic brain injury, 198

COX-1 inhibition, 63
COX-2 inhibition, 63
Cox proportional hazard regression, 679t
Cranial nerve VII, 441
Cranial ultrasound, 373–374
Craniofacial dysostosis. See Crouzon 

syndrome
Craniofacial hypoplasia repair, anesthesia 

concerns, 459
Craniomegaly, hydrocephalus, 202
Craniopharyngiomas, 182, 205–206

ACTH deficiency, 205, 206
anesthetic management, 454
child vs. adult, 453
clinical presentation, 453–454
rapid sequence induction, 454
thyroid deficiency, 205

Craniopharyngioma surgery
hypernatremia after, 176, 182
urine output after, increased, 176, 182

Craniosynostosis, 306, 307
Apert syndrome, 177, 187–188, 398
Crouzon syndrome, 186, 306–307, 

398, 450
etiology, 186, 187
hand and foot anomalies, 306–307
Pfeiffer syndrome, 398
syndromes, 177, 187–188

Craniosynostosis repair
cranial vault reconstruction, 177, 

186–187
hypotension and end-tidal CO

2
 

decrease, 176, 185–186
Craniotomy

awake, 181, 205
emergency, medications to avoid, 69–70

Cravero Emergence Agitation scale, 
588, 589t

C-reactive protein, 71
Cricoid cartilage, 84, 434, 435

infant, 6, 11
Cricothyroidotomy, 13–14

percutaneous needle, 13–14
surgical, 13–14

Crigler-Najjar syndrome, 374, 375
Critical aortic stenosis

aortic valve repair, ketamine effects, 
149–150

neonatal, 134
treatment, 134

Crohn disease, 228–229
Cross-over studies, 679–680
Cross-sectional studies, 668, 669, 673, 674
Croup, 94

vs. epiglottitis, 94, 94t
etiology and manifestations, 399
subglottic edema, 94

Croup, postextubation
etiology, 84
trachea size and airflow resistance, 

84–85, 84f, 85f
Croup, postintubation, 592–593

risk factors and triggers, 614, 649
treatment, 614, 649

Croup, postoperative, epinephrine for, 649
Crouzon syndrome, 596–597

cervical anomalies, 450
craniosynostosis, 186, 306–307, 

398, 450
etiology, 450

presentation and anomalies, 
305–306, 450

subtypes, 306
syndactyly, 451

Cryptorchidism, 243
Cuffed tubes, 427

double-lumen, 598
Curved array probe, 581–582
Curvilinear probe, 40, 575f, 576, 581
Cushing syndrome, 262
Cutaneous afferents, peripheral axons, 209
Cutaneous heat loss, 30, 635

burn injuries, 499
Cutaneous nerve, 19f

lateral antebrachial, 565
lateral femoral, 15, 575
medial antebrachial, 565

Cutaneous nerve entrapment syndrome, 
anterior, 417

Cutaneous sensory receptors, gestational 
development, 209

c wave, 33, 33f
Cyanide poisoning, 497

from sodium nitroprusside, 120–121
sodium thiosulfate for, 69

Cyanosis
methemoglobinemia, 270
persistent central, newborn, 361

Cyanotic cardiac disease, 361
Cyanotic congenital heart disease, 393. See 

also Tetralogy of Fallot
endocarditis prophylaxis, 

124–125, 159
Cyclosphosphamide, 278
Cylinder, compressed gas, 27, 27b
CYP2D6, 408
CYP3A4 enzyme

inducers, 434
medications depressing, 434

Cystic fibrosis, 96–97, 529
Cysts. See also Congenital cystic 

adenomatoid malformations
bronchogenic, 389
dermoid, 389
duplication, 227
esophageal, 227

Cytochrome P450
chronic anticonvulsant use, 204, 205
decreased liver, on amide anesthetic 

clearance, 564, 582

D
Dalteparin, neuraxial block, 583
Damage, 658
Damping, 32
Dantrolene, 197

for malignant hyperthermia, 293, 
616, 617

for torsades de pointes, 117
Dark shadow, transverse process, 556f, 

575, 575f, 576
Daunorubicin, cardiomyopathy from, 

279–280, 280f
Dead space, 25

anatomic, 25
circle system, 25
mechanical, 36
Y-piece, 35–36

Dead space to tidal volume (Vd/Vt) 
ratio, 88

Death
brain, diagnosis, 660
sudden, Williams syndrome, 168

Decelerations, fetal
early, 338
late, 338

late, with moderate baseline variability, 
337–338

variable, 338
Decoupling, fresh gas, 38, 39f
Deep hypothermic circulatory arrest, 117

arterial blood gas management, 
159–160

duration, 160
hemodilution, 132
on neurodevelopment, 160
neurodevelopmental outcomes, 160
neurological injury risk, 132
safe period, 132
uniform cooling, 160

Defective fusion, 378–379
Defibrillation, supraventricular 

tachycardia, 148
Degrees of freedom (df), 672, 672t
Dehydration

children, 381t
infant, 547
resuscitation, 547–548
saline for, 547

Delayed cord clamping, 392
Delayed hemolytic transfusion 

reactions, 626
Delirium, emergence. See Emergence 

delirium
Delivery

preterm, 339
safe, EXIT procedure for, 145–146

Denervation
functional, on vagal tone and 

baroreceptor reflex, 128, 129
left cardiac sympathetic, long QT, 127
signs, 620

Denver Development Screening Test, 519
Denys-Drash syndrome, 255

Wilms tumor, 281
Deoxyhemoglobin, light absorption, 

345, 346
Depth of anesthesia

airway obstruction, 589
inhalational induction, 595–596

Depth of anesthesia monitoring, 35
Dermatitis herpetiformis, celiac 

disease, 232
Dermatomes

brachial plexus block, 560, 560f
head and neck, 572f
upper-extremity, 560, 560f

Dermoid cysts, 389
Desaturation

patent ductus arteriosus repair, 
164–165

single-lung ventilation, lateral 
decubitus, 89–90, 90f

Descriptive statistics, 669
Desflurane

airway irritability from, 603–604
cardiovascular effects, 149
emergence delirium, 66, 650
hemodynamic effects, 66
high altitude, 27
laryngeal mask airway, 603–604
malignant hyperthermia, 617
mask induction contraindications, 66
minimum alveolar concentration, 

65, 66f
on neuromuscular blockade, 52
tolerance, 49
uterine contraction from, 339, 340
vaporizers, 37

Development
assessment, infant, 519–520
milestones, 519–520

Dexamethasone
for adenotonsillectomy, 431
antiemetic, 283, 465, 470
avascular necrosis of femoral head 

from, 61
for cerebral edema, 204
CNS penetration, 204
complications, 61
PONV prophylaxis, 204, 434
potency and properties, 204
for traumatic brain injury, 198
for tumor lysis syndrome, 283

Dexmedetomidine
for adenotonsillectomy, with 

OSAS, 431
for cerebral palsy, 516, 517
emergence delirium prophylaxis, 

64, 647
mechanism of action, 63
neuromuscular blockade, 52
side effects, 50, 64

Dextrocardia, 424f, 442
Diabetes insipidus, 200, 200t, 252

ADH deficiency, 182
central, 182, 550
diagnosis, 252, 253
etiology, 182, 252–253, 550
nephrogenic, 253
postoperative, 176, 182
serum osmolality, 259
treatment, 253

Diabetes mellitus type I, 252, 263–264
Diabetic dwarfism, 255
Diabetic ketoacidosis

diagnosis and presentation, 252
treatment, 252

Diamond-Blackfan anemia, 371
Diaphragm, 82
Diaphragmatic hernia, congenital. See 

Congenital diaphragmatic hernia
Dicrotic notch, arterial waveform, 33, 33f
Difficult airway. See Airway, difficult
Diffusion hypoxia, 26
DiGeorge syndrome, 597

cardiac defects, 254, 304, 305, 536
CATCH-22, 440, 536
chromosome 22q11 microdeletion, 

304, 305, 311
facial features, 254, 536
hypocalcemia, 260, 536
hypoparathyroidism, 254, 304, 305
mutations and presentation, 260
obstructive sleep apnea, 456
palate cleft, 438
Pierre Robin sequence, 440, 441
thymic hypoplasia and 

immunocompromise, 254, 304, 
305, 311, 312, 536

Dihydropyridine receptors, 293
Dilated cardiomyopathy, 141, 150

vs. hypertrophic cardiomyopathy, 140
Dilutional hyponatremia, 199
Diphenhydramine, for perioperative 

anaphylaxis, 68
 2,3 Diphosphoglycerate, fetal, 344
Directionality, 678
Disopyramide, for hypertrophic 

obstructive cardiomyopathy, 125
Disorders of carbohydrate metabolism, 

319–320
Disposition, drug, body composition on, 

62, 549
Disseminated intravascular coagulation, 

fresh-frozen plasma for, 274
Distraction osteogenesis, 187
Distress, fetal, heart monitors for, 338
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Distribution (statistics), 669
bimodal, 670
F-, 672, 672f, 672t
Gaussian, 670–671, 670f
multimodal, 670
normal, 670–671, 670f

Distribution, lung perfusion
gravity on, 89, 90f
infant vs. adult, 89, 90f

D-looping, heart tube, 113–114
DMPK gene mutations, 195
Dobutamine

for cardiac transplantation, 137
for persistent pulmonary hypertension 

of newborn, 124
for RV dysfunction after cardiac 

transplant, 128–129
Donnai-Barrow, omphaloceles, 217–218
Dopamine

for cardiac MRI with exertion 
dyspnea, 135

for cardiac transplantation, 137
with critical neonatal aortic 

stenosis, 134
for persistent pulmonary hypertension 

of newborn, 124
for RV dysfunction after cardiac 

transplant, 128–129
for shock, 146–147

Doppler, precordial, of venous air 
embolism, 176, 183–184, 184f, 186

Dorzolamide, 471, 471t
Dose responses. See also specific agents and 

conditions

infant, 48
Double aortic arch, 459–460
Double-lumen endotracheal tubes, 598
Down syndrome (Trisomy 21)

airway management, 218, 304–305, 
487, 518

anesthetic considerations, 168–169, 
218, 305, 485, 487, 517

associated findings, 487
atlantoaxial instability, 426
AV canal defects, 168, 169
AV septal defect and shunting, 

533, 533f
bradycardia, 168–169, 488
cardiovascular abnormalities, 254, 488, 

532–534, 533f
cervical spine laxity, 518
dental surgery prophylaxis, post-VSD 

closure, 124–125
duodenal atresia, 218, 219, 

383–384, 384f
endocardial cushion defects, 150, 151, 

168, 305, 307
endocarditis prophylaxis, penicillin 

allergy, 124–125
genetic mutation, 304–305, 466, 

487, 488
GI problems, 218
incidence and risk factors, 487, 532–533
obstructive sleep apnea syndrome, 426
pre-anesthesia treatment, 135
preoperative evaluation, 533
presentation, 304–305, 487, 488
VSD and shunting, 150–151, 533, 533f
VSD closure, pacemaker choice and 

setting, 132–134, 133t
Doxorubicin, 278

cardiomyopathy from, 279–280, 280f
Doxycycline, chemical sclerotherapy, 632
Drowning, 493, 500–501
Drug absorption, 6–7, 6t. See also 

specific drugs

Drug clearance. See also specific agents and 

conditions

hepatic extraction ratio, 62
liver, 407–408

Drug disposition, body composition on, 
62, 549

Drug use, in pregnancy, 321–322
Duchenne muscular dystrophy, 295, 

296–297
cardiac and respiratory involvement, 

296, 297, 478
dilated cardiomyopathy, 141
dystrophin absence, 296–298
etiology, 296, 297
features, 296
female carriers, 298
hyperkalemia from succinylcholine, 67
nondepolarizing muscle blockers, 297
perioperative evaluation and 

management, 296–297
propofol, 297
scoliosis surgery, 478
succinylcholine, contraindicated, 297, 

439–440, 478
Ductus arteriosus, 16, 17, 17f, 152–153

3 weeks, 153
12 hours, 153
closure, normal, 376, 377
fetal blood, 343
hypoplastic left heart syndrome, 145
patency, 153
transitional circulation, 148

Ductus venosus, 17f
patency after birth, 9
transitional circulation, 148

Duodenal atresia, 383–384, 384f
Duodenoduostomy, 384
Duodenum functions, 232, 233
Duplication cysts, GI, 227
Dural puncture, neonatal location, 568
Dural sac

1 year, 582
infant, 10

Dural space, neonate, 568
Duty of care, 658
Dwarfism, 258, 302–303

diabetic, 255
Dyes, IV, on pulse oximeter, 31, 37
Dysautonomia, familial, 198–199
Dysautonomic crises, 199
Dysesthesia, 410
Dyspnea. See also Apnea; specific types

cardiac tamponade, 126
Dysraphism, 378–379
Dystrophia myotonia, 195, 298–299
Dystrophic epidermolysis bullosa, 308
Dystrophin, 296–298
Dystrophinopathies, 296–297. See also 

specific types

E
Eagle–Barrett syndrome, 227, 242
Echocardiography. See also 

Transesophageal echocardiography
Beckwith-Wiedemann  

syndrome, 541
fetal, surgical, 346, 347
venous air embolism, 176, 

183–184, 184f
Echothiophate, 471, 471t
E. coli H:0157 gastroenteritis, hemolytic 

uremic syndrome, 240
Ectoderm, neural, 209–210
Edema

airway, infant vs. adult, 84, 84f, 85f
cerebral, 201, 204

subglottic, 84–85, 84f, 85f, 94
supraglottic, 94

Efficient care, 663
Ehler-Danlos syndrome, obstructive sleep 

apnea, 456
Ehlers-Danos syndrome, 309–310

airway management, 449
Eisenmenger syndrome, 150, 167–168
Elastin, 71
Elbow, peripheral nerve block, 14
Electrical burn injuries, 503
Electrical stimulation, infant epidural tip 

position, 576
Electrocardiogram (ECG), child vs. adult 

patterns, 158
Electroencephalogram (EEG), 40–41
Emancipated minor

confidentiality rights, 660–661
definition, 661

Emergence delirium (agitation)
definition, 646, 650
desflurane, 66, 650
dexmedetomidine prophylaxis, 64, 647
etiology, 614–615, 651
inhalational agents preventing/

decreasing, 615
midazolam prophylaxis, 647
pain scores, 647
Pediatric Anesthesia Emergence 

Delirium Scale, 588, 588t, 651
risk factors, 614–615, 646, 646t, 

647, 650
sevoflurane, 66, 595, 615, 650
surgical procedures, 646

Emergence delirium, sevoflurane, 595
Emergence phenomena, ketamine, 56
Emergency situation, necessary 

treatment, 662
Emphysema, congenital lobar, 364, 365, 

389–390, 390f
Encephalocele, 378–379, 379t
Encephalopathy syndrome, posterior 

reversible, 619–620
Endocardial cushion defects, 150, 151, 

168, 305, 307
Endocarditis prophylaxis, 154–155

after cardiac surgery or transcatheter 
procedures, earlier, 154–155

AHA recommendations, 115, 115b, 
124–125

cardiac procedures, 115b, 140–141
with congenital heart disease, 

141–142, 154–155
with cyanotic heart disease, 

unrepaired, 159
dental procedure, 115, 115b, 159
indications, 141–142
prosthetic valves, 159

Endocrine stress response, surgery, 257
neonatal, 367–368

Endotracheal tubes
changes, managing, 33
double-lumen, 598
leak, appropriate, 644, 649
left mainstem bronchus 

advancement, 608
lung isolation and one-lung ventilation, 

390–392, 391t
migration, 608
postintubation stridor, 644, 649
size, age-appropriate, 90, 91t, 644
tracheoesophageal fistula, 223, 428

End-stage renal disease, 247
End-tidal CO

2
 decrease, venous air 

embolism, 186
Enflurane, epileptogenicity, 204

Enoxaparin, neuraxial block, 583
Entrance wounds, burn, 503
Enucleation, retinoblastoma, 286
Epidermolysis bullosa, 308–309,  

483–484
Epidermolysis bullosa simplex, 308
Epidural analgesia

anesthetic choice, 580
caudal, 10
chloroprocaine, 580
infant, 562–564, 563f
infant dosing, <6 mos, 564
pruritus, 405

Epidural catheter removal, warfarin 
for, 583

Epidural fibrosis, infant, 10
Epidural motor evoked potentials 

(MEPs), 30, 31
Epidural placement, 329
Epidural space air injection, infant, 576
Epidural tip position imaging, infant, 576
Epiglottis, 434, 435

infant, 6, 11
neonatal, 398

Epiglottitis, 399
acute, 94
vs. croup, 94, 94t

Epilepsy
autism spectrum disorder, 203
evaluation, 194
perioperative, 204
PET, 194–195
preoperative preparation, 204
preoperative testing, 53–54
prevalence, childhood, 204
seizures, 194
SPECT, seizure foci identification, 

178, 194–195
surgery, 181
treatment, 194
vagal nerve stimulator, 181

Epileptogenicity
enflurane, 204
methohexital, 176, 182, 204

Epinephrine
anaphylaxis, 53, 68
asthma, refractory, 98
cardiac transplantation, 136–137
for LAST, dosing, 579, 580
local anesthetics, 574
for persistent pulmonary hypertension 

of newborn, 124
for postoperative croup, 649
for RV dysfunction after cardiac 

transplant, 128–129
Epispadias, simple, 246
Equitable care, 663
Errors, medical, 663

full disclosure, 661–662
preventable, 663

Errors, statistical
Type I (α), 668, 671, 671t, 

672–673, 673f
Type II (β), 668, 671, 671t, 672, 

673, 673f
Erythromelalgia, familial, 412
Erythropoietin, decreased production, 395
Eschar, 498–499
Escharotomy, 498–499
Esmolol, 150
Esophageal atresia, 222–223, 

386–387, 387t
Esophageal cysts, 227
Esophageal foreign body ingestion, 97–98
Estimated blood loss, 7
ETCO

2
-PaCO

2
 difference, 36
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Ethanol chemical sclerotherapy, 632
Etomidate

cardiovascular effects, 120
on SSEPs and MEPs, 190–191, 191t

Etoposide, 279
Eustachian valve, 343
Eutectic mixture of local anesthetics 

(EMLA), 60–61, 532
Euvolemic hypotonic hyponatremia, 199
Evaporation heat loss, 30, 35, 546, 548
Evoked potentials, 30
Evoked responses, inhalational 

anesthetics, 190
Ewing sarcoma, 284
Exchange catheters, airway, 33
Exchange transfusion, 

methemoglobinemia with 
G6PD, 271

Excitatory neurotransmitters, 
glutamate, 206

EXIT procedure
anesthetic goals, 333–334, 350
congenital diaphragmatic hernia 

surgery, 348, 349
ECMO transition, 349
fetal anesthesia, 336
indications, 145, 349
large neck mass, fetal, 350
myelomeningocele repair, 349
obstetric anesthesia, 145–146
preoperative evaluation, fetal, 350
uterine tone, 145, 146

Exit wounds, burn, 503
Expanded flaps, 459
Expiratory stridor, 442
Extracellular compartment, 549
Extracellular fluid, 62
Extracorporeal membrane oxygenation 

(ECMO), 162
anticoagulation, 636
clinical indications, 635, 636
CO

2
 control, 163

components, 636
contraindications, 636
EXIT procedure transition, 349
fluid management, 636–637
minimum weight, 349
neonatal, 635
oxygenation, improving, 163
recirculation, 163
sweep gas rate, 163
types, 635, 636t
venoarterial, 349
venovenous, 349

Extrathoracic obstruction, on flow-volume 
loop, 96, 96f

Extremely low birth weight, 147
Ex utero intrapartum treatment 

procedure. See EXIT procedure
Eye, arterial circulation, 472, 472t
Eye blocks, 472–473, 473t

F
Face, Legs, Activity, Cry, Consolability 

Scale (FLACC), 405, 646
Face, Legs, Activity, Cry, Consolability 

Scale, Revised (R-FLACC), 415, 415t
Facial movements, pain, fetal, 337
Facial nerve identification, 

pre–tympanoplasty and 
mastoidectomy, 429

Factor V Leiden, 273t
Factor XI deficiency, fresh-frozen plasma 

for, 274
F

A
/F

I

CO in rate of increase, 599

rapid rise, inhalational induction, 
595–596

rapid rise, neonatal, 64–65, 64t
Failure to thrive, 372–373
Falls, 493
Familial dysautonomia, 198–199
Familial erythromelalgia, 412
Familial hypocalciuric hypercalcemia, 259
Fanconi syndrome, 374
Fascia iliaca block

compartment, 14–15
nerve, 14–15

FAST exam, 505–506
positive, 500

Fasting, presurgery
benefits, 523–524
with GERD, 523, 523t
recommendations, 523–524, 524t

Fat, brown, 546, 635
Fatigue, 658

radiation therapy, 277
Fat, total body, 6–7, 6t, 8, 62
Fatty liver, obese, 8, 9
FDA-approved pediatric medications, 56, 

57t–58t
F-distribution, 672, 672f, 672t
Femoral cutaneous nerve, lateral, 15, 575
Femoral nerve, 557f, 575, 578, 579

anatomy and innervation, 15, 567
hip flexion, 567

Femoral nerve block, 557f, 575, 578–579
Femoral tenotomy, distal, incision, 575
Fentanyl

blood-brain barrier, 49
bolus + midazolam, 

hypotension, 52–53
fetal hormonal/humoral stress 

response, 368
hepatic clearance, 62
lipid solubility and analgesia 

onset, 62–63
potency and dosing, 418, 418t

Fetal accelerations, 338
Fetal alcohol syndrome, 322
Fetal analgesia, 336–337. See also specific 

agents and topics

Fetal anesthesia, 336
Fetal anomalies. See also specific types

prenatal screening, 330
Fetal blood access, 334–335

selected drugs, 335t
Fetal circulation, 16–17, 17f, 112–113
Fetal heart rate, 148, 331, 338

false positives, 344
tracings, 337–338, 344

Fetal heart variability
indicators, 338
inductions agents, 337

Fetal hemoglobin. See Hemoglobin F
Fetal hydrops, 340
Fetal intervention, 330
Fetal monitoring, surgical, 344–347
Fetal scalp blood sampling, 344–345
Fetal surgery. See also specific types

preterm labor risk, 338
Fetoscopic laser photocoagulation, 

twin-twin transfusion syndrome, 
347–348

Fetoscopic surgery, 331–332, 339
complications, 331
fetal anesthesia, 336

FGFR gene mutation, 186, 187
Fiberoptic intubation

awake, after methemoglobinemia, 69
bronchoscope, 600–601, 601f
obstruction, 600, 601

Fibroangiomas, tuberous sclerosis, 
312–313

Fibromas
cardiac, 126, 138–139
neurofibromas, 312 (See also 

Neurofibromatosis)
Fibular (peroneal) nerve, 19–20, 19f
Fick’s law of diffusion, 88, 334
Fire

airway, 427f, 432, 436–438
burn and smoke inhalation injuries, 

495–496
carbon monoxide poisoning, 497
cyanide poisoning, 497
rule of nines, 497–498, 497f

5 H’s and T’s, 136
5HT3 antagonist, PONV 

prophylaxis, 70–71
Five P’s, 498–499
Flaps, expanded, 459
Flow-volume loop, fixed airway 

obstruction on, 96, 96f
Fluid administration

burn injuries, 496
ECMO, 636–637

Fluid requirements, newborn, 549
Fluids

extracellular, 62
transcellular, 549

Fluoroscopy epidural tip position, 
infant, 576

Folic acid deficiency, neural tube defects, 
378, 379

Fontan physiology, 135
ventilation after chest closure,   

160–161
Fontan procedure, 135, 144–145, 

160–161, 330
Foot analgesia, 5, 19–20, 19f
Foot drop, peripheral nerve block, 

580–581
Foramen of Bochdalek, 366
Foramen ovale

closure, normal, 376, 377
fetal blood via, 343
transitional circulation, 148

Foramen ovale, patent
neonatal, 118–119
persistent fetal circulation, 377
persistent pulmonary hypertension of 

newborn, 123–124
Forced Duction Test, 474
Forearm skin innervation, lateral, 574
Foregut, 215
Foreign body aspiration, 97–98, 425, 442
Foreign body ingestion, 97–98

esophageal, 97–98
Fossa tumors, CSF flow, 205
Fractures, child abuse, 492
Free form, 572, 573
Frequency (ultrasound), 565, 577

definition, 565, 566
high- vs. low-frequency probes, 

581–582
wavelength and, 565, 566, 577

Fresh-frozen plasma, 274
Fresh gas decoupling, 38, 39f
Friedman test, 679t
F-test, 672, 672f, 672t
Full disclosure, medical error, 661–662
Functional residual capacity, 83–84, 83f. 

See also Alveolar ventilation (AV)/
functional residual capacity (FRC)

general anesthesia, infant, 88
infant vs. adult, 88
on inhalational anesthetic uptake, 48

of inhaled anesthetic F
A

/F
I
, 65

lateral decubitus position, 89, 90f
Furosemide

ototoxicity, 60
traumatic brain injury, 198

G
G6PD deficiency. See 

Glucose-6-phosphate 
dehydrogenase (G6PD) deficiency

GABA (gamma-aminobutyric acid), 206
cerebral palsy, 202

GABA(B) agonists, baclofen, 202
GABA

A
 receptor, 206

Gabapentin
calcium channels, 412, 413, 414
for chronic pain, 411, 412
mechanism of action, 414
side effects, 414

Gadolinium contrast agent
complications, 177–178, 194
nephrogenic systemic fibrosis, 

177–178, 194
Gain, ultrasound, 557f, 565, 577, 578f
Gas cylinders, compressed, 27, 27b
Gas decoupling, fresh, 38, 39f
Gas exchange, uteroplacental, 342–343, 

376–377
Gas flow, 34
Gastric banding, 235–236
Gastric bypass, 235–236
Gastroesophageal reflux, 217

aspiration pneumonitis, chronic, 236
etiology and symptoms, 236
hiatal hernia, 233
morbidly obese, 235–236
reactive airway disease, 236
subglottic stenosis, 429

Gastroesophageal reflux disease (GERD), 
95, 217

developmental abnormalities, 523
fasting, 523, 523t
infant and neonate, 523
obese, 8, 9
peri-induction period, 523
premedication, 523–524, 524t

Gastrointestinal system. See also specific 

parts and topics

formation and development, 
215, 215t

functional segments, 215
layers, 216–217
Meckel’s diverticulum, 215–216

Gastrolaryngoesophageal reflux, 
subglottic stenosis, 429

Gastroschisis, 217–218, 386–389, 
387f, 387t

cryptorchidism, 243
Gaucher disease, 320
Gaussian distribution, 670–671, 670f
General anesthesia. See also specific agents 

and topics

definition, 650
IV-based induction, 591–592
stages, 591

Genes. See also specific genes and disorders

mitochondrial, 300
Geniglossus muscle, 434, 435
Genitalia, ambiguous female, 255–256
Genitourologic surgery, neonatal, caudal 

block, 394
Germ cell tumors, 283t
Germinal matrix hemorrhage, 373–374
Gestational age, 147, 396
Gilbert syndrome, 374
Glasgow Coma score, 494–495, 495t
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Glaucoma
medications, 470–471, 471t
narrow-angle, pilocarpine, 71–72

Glenn procedure, 135, 171–172
bidirectional, 330

GlideScope Cobalt® video laryngoscope, 
601–602

Globe injury, open, 468–469
Glomerular filtration, 240
Glomerular filtration rate (GFR), 359
Glomerulonephritis, 240
Glossopharyngeal nerve, 571
Glossoptosis, Treacher-Collins 

syndrome, 607
Glottic opening, infant, 11
Glottis, infant, 6, 11
Gluconeogenesis, newborn, 549
Glucose-6-phosphate, 271
Glucose-6-phosphate dehydrogenase 

(G6PD) deficiency, 271–272, 321
anesthetic choice, 54–55, 272
diagnosis and testing, 271–272
etiology and classification, 271
hemolytic crisis, 55
intraoperative management, 272
methylene blue contraindication, 271

Glucose utilization, cerebral, age on, 207
Glutamate, 206
Glutamate receptors, 206
Gluten sensitivity, celiac disease, 232
Glycine, 206
Glycogen storage diseases, 319–320
Glycogen stores, fetal, 549
Glycopyrrolate, 71–72

fetal blood access, 334
long QT interval, 55

GM2 gangliosidosis, 320
Goiter, 253
Goldenhar syndrome, 305–306

airway and anesthesia, 453
airway difficulties, 594
anesthetic considerations, 453
intubation, 453
presentation and anomalies, 305, 453
syndactyly, 451

Gonadoblastoma, 255–256
Graft-versus-host disease, 276–277

immunodeficiencies, primary,  311, 312
Granisetron, PONV, 641
Graves’ disease, 253, 256, 264
Gravity, on lung ventilation and perfusion, 

89, 90f
Greater auricular nerve, 574, 574f
Gross classification, 221
Group A streptococcal infection, 

PANDAS, 286–287
Growth retardation, Mauriac 

syndrome, 255
Guanylate cyclase, nitric oxide 

activation, 376

H
Hagen-Poiseuille’s law (equation), 

84–85, 550
Half-time, context-sensitive, infant, 8
Halothane

cardiac arrest, 605
malignant hyperthermia, 617

Hand innervation, 578
Hand surgery, brachial plexus block, 

578, 579
Headache, 411, 411t
Head and neck

dermatomes, 572f
nerves and nerve blocks, 571, 572f

Head covering, heat loss prevention, 30

Head elevation, for increased ICP, 
182–183

Head position, neurosurgery, 182–183
Head trauma, 201
Hearing loss, 441
Heart. See also Cardiac
Heart monitors, fetal, 338
Heart murmurs. See Murmurs, heart
Heart, neonatal, 151–152
Heart rate, 148, 396
Heart rate, fetal, 148, 331, 338

false positives, 344
tracings, 337–338, 344

Heart transplant. See Cardiac transplant
Heart valve, endocarditis prophylaxis

abnormalities, 124–125
artificial valve, 124–125, 159

Heat loss, 35–36
convective, 30, 35, 548
cutaneous, 30, 635
cutaneous, burn injuries, 499
evaporation, 30, 35, 546, 548
neonatal, 29–30
radiant (radiation), 30, 35, 548
unclothed infant, optimal 

environment, 443, 444
Heliox, 34
Helium, for upper airway obstruction, 34
Hemangiomas, 184–185
Hematocrit

blood loss, 7–8
decline, normal infant, 365–366
newborn, 273

Hematopoietic stem-cell transplantation, 
275–276

Hemifacial microsomia. See Goldenhar 
syndrome

Hemodilution
cardiopulmonary bypass, pediatric, 

116–117
deep hypothermic circulatory 

arrest, 132
normovolemic, 486–487
normovolemic, acute, 483, 546

Hemoglobin, 370
decline, normal infant, 365–366
fetal, 85, 370–371
oxygen affinity, temperature 

and pH, 85
preterm infants, 273, 274, 371
requirements, 89t
term neonates, 273–274, 370–371, 519

Hemoglobin A
infant aging on, 366, 370
structure, 370

Hemoglobin concentration
neonate, 443
term infant, 443, 444

Hemoglobin F, 343–344, 344f
function, 370
infant aging on, 366, 370
oxygen affinity, 370, 371
structure, 370

Hemoglobin, fetal. See Hemoglobin F
Hemoglobin nadir

infant, 366, 395
physiologic, 370–371
premature infant, 395

Hemoglobin-oxygen affinity, 86
Hemoglobin S, 405–406
Hemolysis, acute intravascular, 271
Hemolytic anemia, 371
Hemolytic crisis, G6PD deficiency, 55
Hemolytic reactions, acute, 311–312
Hemolytic uremic syndrome, 240
Hemorrhage

germinal matrix, 373–374
intraventricular, fetal, 373–374
maternal, 335

Hemostatic system, in newborn, 273, 273t
Henry’s law, 88
Heparin cofactor II, newborn, 273, 273t
Hepatic. See also Liver
Hepatic clearance (metabolism), 62. See 

also specific agents and disorders

IV anesthetics, 234
Hepatic extraction ratio, 62
Hepatic microsomal enzyme induction, 

anticonvulsants, 204
Hepatic portoenterostomy, 235
Hepatic veno-occlusive disease, 

hematopoietic stem-cell 
transplantation, 276

Hepatitis B, 625
Hepatitis C, 625
Hepatocellular carcinoma, biliary 

atresia, 235
Hereditary hemorrhagic 

telangiectasias, 185
Hernia, congenital diaphragmatic. See 

Congenital diaphragmatic hernia 
surgery

Hernia, hiatal, gastroesophageal 
reflux, 233

Hernia, inguinal, 225–226
hypospadias, 243
premature babies, 226

Hernia, umbilical, 233–234, 243
Heterotaxia syndromes, 442
Hiatal hernia, 233
High altitude, 26–27
High-frequency jet ventilation, 434
High-frequency oscillatory ventilation

CO
2
 clearance, increasing, 34–35

oxygenation, increasing, 164–165
principles and use, 34

High-frequency probe, ultrasound, 581–582
High-voltage burns, 503
Hindgut, 215
Hip flexion, femoral nerve, 567
Hip joint innervation, 577
Hirschsprung disease, 216, 227–228

neuroblastoma, 257–258, 284
Histogram, 679
HIV, 287–288

blood transfusion, 625
HLA mismatch, 276
Hofmann elimination, 51
Homocysteinuria, 318, 319
Horizontal Visual Analog Scale, 

644, 644f
Hormonal responses, neonatal, 367–368
Horner syndrome, 566
HT3-antagonists, 641
Human immunodeficiency virus (HIV), 

287–288
Humoral immunity, 311, 312
Hunter syndrome, 302, 319–320, 458
Hurler syndrome, 302, 319–320, 458, 466
Hydraulic coupling, 32
Hydrocephalus, 201–202
Hydrocodone

CYP2DB biotransformation, 408
oral availability, 75

Hydromorphone
biotransformation, 408
potency and dosing, 418, 418t
toxicity, 580
for vesicoureteral reflux surgery, 70

Hydrophilic drugs, infant volume of 
distribution, 564

Hydrops fetalis, 127

Hydrostatic gradient, infant, 89
Hyperaldosteronism, Conn disease, 

259–260
Hyperalgesia, 410, 414, 416
Hyperbilirubinemia

conjugated, 374–375
hereditary, 374
severe unconjugated, 374
unconjugated, 374–375

Hypercalcemia, familial 
hypocalciuric, 259

Hypercapnia, permissive, 372
Hypercarbia, on upper airway, 434
Hyperglycemia

serum osmolality, 259
stress-induced, neonatal surgery, 257, 

367–368
Hyperinsulinism, congenital neonatal 

hypoglycemia, 317
Hyperkalemia

diabetes insipidus, postoperative, 182
neonate risk, 240
from succinylcholine, 50, 56, 67
from transfusion, massive, 493

Hyperkalemic arrest, treatment, 157
Hypermetabolism

malignant hyperthermia, 293
post-burn injuries, 502

Hypernatremia, after craniopharyngioma 
surgery, 176, 182

Hyperoxia
ocular effects, 472, 472t
retinopathy of prematurity, 469–470

Hyperparathyroidism
Kearns Sayre syndrome, 260
Kenney-Caffey syndrome, 260

Hyperreactive patients, 516
Hypersensitivity, neonates, 209
Hypersensitivity reaction, type 1, 522
Hypertension

neurofibromatosis, 479
pulmonary (See Persistent pulmonary 

hypertension of the newborn; 
Pulmonary hypertension)

from sodium nitroprusside, 120–121
Hypertensive crisis, inhaled nitric oxide 

for, 141
Hyperthyroidism, 253

from amiodarone, 253–254
Graves’ disease, 253, 256, 264

Hypertonic saline
on intracranial pressure, 505
for resuscitation, 505

Hypertrophic cardiomyopathy
anesthetic considerations, 139–140
vs. dilated cardiomyopathy, 140
inheritance, 139, 171
prevalence and pathophysiology, 139, 

150, 171
Hypertrophic cardiomyopathy 

treatment, 150
beta-blockers, 139–140
calcium channel blockers, 139–140
systolic ejection murmur and apical 

impulse, 125
Hypertrophic obstructive 

cardiomyopathy, 125
drugs worsening, 171
outflow obstruction, 150
outflow obstruction, agents increasing/

decreasing, 139–140
tachycardia and hypotension after 

incision, 171
Hyperventilation

head trauma, ICP increased, 198, 201
sitting position, 176, 182–183
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SSEPs, 190
traumatic brain injury, 198, 201

Hypoaldosteronism, 260
Hypocalcemia

Chvostek sign, 260, 552
DiGeorge syndrome, 260, 536
signs and symptoms, 552
transfusion, massive, 493
Trousseau’s sign, 260, 552

Hypocalciuric hypercalcemia, familial, 259
Hypocapnia, on cerebral blood flow, 

208, 208f
Hypocarbia, on intraocular pressure, 

472, 472t
Hypochloremic, hypokalemic metabolic 

alkalosis, 224, 225, 399, 400
Hypoechoic shadow, transverse process, 

556f, 575, 575f, 576
Hypoglycemia, neonatal, 317
Hypokalemia, Conn disease, 260
Hypokalemic, hypochloremic metabolic 

alkalosis, 224, 225, 399, 400
Hyponatremia

cerebral salt wasting, 254–255
dilutional, 199
euvolemic hypotonic, 199
hypoosmolar, 547
hypovolemic (See Cerebral salt 

wasting)
postoperative, 547

Hypoosmolar hyponatremia, 547
Hypoparathyroidism, DiGeorge 

syndrome, 254
Hypoplastic left heart syndrome, 332–333

definition and pathophysiology, 130
ductus arteriosus, 145
single-ventricle physiology, 171

Hypoplastic left heart syndrome repair. 
See also specific procedures

anesthetic management, 130
fetal monitoring, 346
Fontan procedure, 135, 144–145, 

160–161, 330
hybrid procedure, 161–162
hypoxemia after, 130
Norwood (See Norwood procedure)

Hypoplastic zygomatic arches, 
Treacher-Collins syndrome, 607

Hypospadias, 242–243
cryptorchidism and inguinal 

hernia, 243
repair, 18, 242, 243

Hypotension
after midazolam and fentanyl, 

bolus, 52–53
hypovolemia-related, 492
on SSEPs, 177, 189–190
sudden surgical, anaphylaxis, 178, 196
systemic, 622
transient, mannitol for, 69
treatment, 165
venous air embolism, 196

Hypothalamic-pituitary-adrenal axis, 
fetal, 367

Hypothermia
cardiac arrest treatment, 502–503
cardiopulmonary bypass, acid-base 

management, 117
classification, 502–503
deep, 132
on dissociation constant of water, 117
drowning, 500, 501
effects, 35–36
mild, 132, 635
moderate, 132
neonatal, 29–30, 634–635

perioperative, 35–36
pH stat management, 159–160
profound, 132
resuscitation, 492–493

Hypothermic alkalosis, 159
Hypothesis

alternative, 671
null, 671
power of testing, 668

Hypothesis testing, 667–668
Hypothyroidism

from amiodarone, 253–254
congenital, 262

Hypovolemia
hypotension, 492
pyloric stenosis, 224–225

Hypovolemic hyponatremia. See Cerebral 
salt wasting

Hypoxemia
after hypoplastic left heart syndrome 

repair, 130
in ARDS, 633–634
on induction, infant, 88
infant vs. adult, 88
post-induction, morbidly obese, 236
postoperative, 26
severe preoperative, morphine for, 648
single-ventricle physiology, diagnosis, 

130–131
Hypoxia

on cerebral blood flow, 208, 208f
diffusion, 26
on upper airway, 434

I
Idarubicin, cardiomyopathy from, 

279–280, 280f
IgA antitissue transglutaminase, 232
Ileocecal valve functions, 232–233
Ileum functions, 232, 233
Ileus, nitrous oxide on, 28
Iliohypogastric nerve, 11–12, 579
Iliohypogastric nerve block, 15
Ilioinguinal nerve, 11–12, 579

penile, 18
Ilioinguinal nerve blocks, 11–12
Immunity

cell-mediated, 311, 312
humoral, 311, 312
natural, 311, 312

Immunodeficiencies, primary, 311–312
Implantable cardioverter-defibrillator, 

long QT syndrome, 127
Inborn errors of metabolism, 317–318, 319
Incidence, 678
Independent measures t-test, 667, 668
Indocyanine green, on pulse oximeter, 31
Indomethacin, on uterine muscle, 

339, 340
Induction. See also specific types and agents

IV-based, 591–592
parental presence, 527

Induction agents. See also specific agents

on fetal heart variability, 337
Induction anaphylaxis, 68
Induction, anesthesia

parental presence, 520–521, 527, 592
pulmonary aspiration, 597–598

Induction, inhalational. See Inhalational 
induction

Inferior vena cava, fetal blood via, 343
Informed consent, 526–527
Infraclavicular approach

brachial plexus block, 560
brachial plexus block, hand surgery, 

578–579

complications, 408
musculocutaneous nerve block, 408

Infraorbital nerve block, 473, 571
cleft lip surgery, 457–458

Inguinal hernia, 225–226
hypospadias, 243
premature babies, 226
repair, spinal anesthesia for, 226

Inguinal innervation, 579
Inhalational anesthetics. See also 

specific types

on brain and neurological 
development, 368–369

cardiovascular effects, 149
cerebral electrical activity, 181
on Duchenne muscular dystrophy, 297
on evoked responses, 190
fetal blood access, 334
on GABA

A
 receptor, 206

long QT syndrome, 128
negative feedback, 596
on neuromuscular blockade, 52
pharmacology, 64–65, 64t
potency, 65 (See also Minimum 

alveolar concentration (MAC))
on SSEPs, 32, 190–191, 191t
uptake, AV/FRC on, 48
uptake, infant and neonate, 48
uterine contraction from, 339, 340

Inhalational induction
adenoidectomy, 49
depth, 595–596
F

A
/F

I
 rapid rise, 595–596

rapid, 48
upper airway anatomy on, 434, 435

Inhalational injury, 495–496
Inhaled nitric oxide (iNO)

for acute hypertensive crises, 141
methemoglobin, 141, 153
for persistent pulmonary hypertension 

of newborn, 124, 141, 375–376
on pulmonary vascular 

resistance, 376
pulmonary vasodilation from, 141
for RV dysfunction after cardiac 

transplant, 128–129
Inhibitory neurotransmitters

GABA, 206
glycine, 206

Inner ear surgery, PONV prophylaxis, 
70–71, 204, 443

Inotropes. See also specific types

on cardiac output, 152
Inspired concentration, inhaled anesthetic 

F
A

/F
I
, 65

Insulin-like growth factor 2 
overexpression, 310. See also 
Beckwith-Wiedemann syndrome

Intercostobrachial nerve, 565
Internal injuries, 493, 494
Interpersonal skills, 659
Interscalene approach, brachial plexus 

block, 560, 566, 574
complications, 574

Interstitial Cells of Cajal, 216
Interval, 678
Intestinal malrotation, 219–220, 

219f, 221
Intestinal obstruction. See Duodenal 

atresia; specific types

Intestinal rotation, 220–221
Intracellular water, 62
Intraconal block, 472
Intracranial pressure (ICP)

head trauma, 201
ketamine on, 69–70, 149, 150

traumatic brain injury, 198
Intracranial pressure (ICP), increased

anesthesia induction, 454
hydrocephalus, 201–202
ketamine avoidance, 69–70, 

149, 150
Intracranial pressure (ICP), increased, 

management
barbiturates, 70
head elevation, 182–183
hyperventilation, 198, 201
initial, 201
ketamine, 454
mannitol, 69–70, 198, 201, 203, 505
midazolam, 454
other agents, 70
rocuronium, 454–455
saline, 69–70
saline, hypertonic, 69, 505
succinylcholine, 454–455
thiopental, 454

Intralipid, for local anesthetic toxicity, 
72, 156, 570, 579–580

Intraocular pressure (IOP)
factors, 472, 472t
normal, 468
ocular trauma, 468–469
regulation, 468
succinylcholine on, 468, 474

Intraoperative awareness, 620–621
Intraosseous infusion, 15–16

local anesthetic, 563, 564
Intraosseous line

appropriate use, 15–16
complications, 500
trauma, acute, 499–500

Intrathecal puncture, inadvertent 
neonatal, 576–577

Intrathoracic obstruction, on flow-volume 
loop, 96, 96f

Intravenous anesthetics. See also 
specific agents

general anesthesia, 591–592
hepatic clearance, 234
hepatic metabolism, 234

Intravenous dyes, on pulse oximeter 
readings, 31, 37

Intraventricular hemorrhage, fetal, 
373–374

Intubation. See also specific topics

fiberoptic, 69, 600–601, 601f
lateral approach, 593–594
prolonged, subglottic stenosis  

from, 95
retromolar, 593–594

Intubation instruments
fiberoptic intubation bronchoscope, 

600–601, 601f
GlideScope Cobalt® video 

laryngoscope, 601–602
video laryngoscope, 602, 603f

In utero laser ablation, 340
Invasive blood pressure  

measurement, 32
Iodine-based preparations, for 

spinal, 59–60
Iodine deficiency, on thyroid hormone 

production, 261
Iron deficiency anemia, 371

physiologic anemia of infancy, 395
Ischemia-sensitive alpha motor neuron 

monitoring, 30–31
Ischemia, somatosensory evoked 

potentials, 31–32
Ischemic optic neuropathy, postoperative, 

177, 191–192
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Isoflurane
cardiovascular effects, 149
high altitude, 26–27
malignant hyperthermia, 617
minimum alveolar concentration, 48, 

48f, 65, 65f
nitrous oxide, 65
on QT interval, 55–56
uterine contraction from, 339, 340

Isolated forearm technique, 35
Isoproterenol, for cardiac transplantation, 

136–137

J
Jackson-Rees modification, 25
Jackson-Rees modification, Ayres T-piece, 

25, 25f, 37
Jehovah’s Witnesses, 661

bloodless medicine management, 
534–536, 535t

Jejunum functions, 232, 233
Jones criteria, modified, 143, 143b
Junctional epidermolysis bullosa, 308
Juvenile nasopharyngeal 

angiofibromas, 455
Juvenile polyp, 231
Juvenile polyposis syndrome, 231

K
Kaplain Meier survival surve, 679t
Kasabach-Merritt syndrome, 314–315
Kasai procedure, 235
Kawasaki disease, 142
Kearns Sayre syndrome, 260, 263, 300
Kenney-Caffey syndrome, 260
Kernicterus, 374–375
Ketamine, 56, 474

on brain and neurological 
development, 368–369

for burn patients, 501
for cardiac effusion and 

tamponade, 144
cardiovascular effects, 120, 149–150
cerebrovasodilation, 454
for chronic pain, 411, 412
dosing and infusion, 149
emergence phenomena, 56
hepatic metabolism, 234
hydrocephalus contraindication, 202
on ICP, 69–70, 149, 150
for ICP, increased, 454
with long QT interval, 55
NMDA receptors, 412, 413
pharmacology, 56
on SSEPs and MEPs, 190–191, 191t
for Tetralogy of Fallot, 393, 515

Ketorolac, 63
Kidney(s). See also Renal

fetal, 359
gestational development, 239–240
neonatal, 240–241

Kidney transplant, 247–248
King-Denbonorough syndrome, 

malignant hyperthermia, 295
Klippel-Feil syndrome, 479–480

anesthetic considerations, 606
associated abnormalities, 479–480
cervical instability, 606
characteristics, 479, 605
myelodysplasia, 185, 200
preoperative assessment, 480
subtypes, 605–606
syndactyly, 451
triad, 606

Klippel-Trenaunay syndrome, 185, 314–315
Knee joint innervation, 578

Knowledge, medical, 659
Kolmogorov–Smirnov test, 677
Kruskal-Wallis one-way analysis of 

variance, 677, 679t
Kugelberg-Welander disease, 314
Kwashiorkor, 373
Kyphoscoliosis, neurofibromatosis with, 479

L
Labor

fetal scalp blood sampling, 344–345
fetal SpO

2
, 345, 346

preterm, 338–339
pulse oximeters, fetal, 345–346

Lacrimal system irrigation, 473
Lactic acidosis

mitochondrial myopathies, 300
pyloric stenosis, 224, 225

Ladd’s bands, 220, 220f
Ladd’s procedure, 220, 221
Laminar flow, 34
Lamotrigine, 53, 54
LaPlace’s equation (law), 87–88, 134
Large for gestational age, 147
Laryngeal mask airway

complications, 600
desflurane, 603–604

Laryngeal papillomatosis, 431–432
Laryngomalacia, 95

stridor from, 625
Laryngoscope

GlideScope Cobalt® video, 601–602
video-assisted, 602, 603f

Laryngospasm
risk factors and triggers, 617–618
treatment, 619

Laryngotracheobronchitis, 399
Larynx

infant, 6, 11, 435
neonatal, 398

Laser ablation, in utero, 340
Laser risks, 431–432
Latanoprost, 470, 471, 471t
Late decelerations with moderate baseline 

variability, 337–338
Lateral approach, intubation, 593–594
Lateral decubitus position

infants, on oxygenation, 89, 90f
single-lung ventilation, desaturation, 

89–90, 90f
Lateral femoral cutaneous nerve, 15, 575
Lateral resolution, ultrasound, 40
Latex allergy, 522

anaphylaxis, 529–530
anaphylaxis, induction, 68, 178, 196
bladder exstrophy, 246
myelodysplasia, 178, 192, 193, 196
pretreatment, 529
prevention, 529–530
risks, 529
spina bifida, 484, 485

LBWD complex, 359
Learning and improvement, 

practice-based, 659
Leber hereditary optic neuropathy, 300
Left cardiac sympathetic denervation, long 

QT syndrome, 127
Left-to-right shunt, 114

Down syndrome with VSD, 150–151
induction, inhaled, 150, 599
on inhalational induction, 164
Qp:Qs, 599
Tetralogy of Fallot, 164
vein of Galen aneurysmal 

malformation, 383
on wash-in, 119

Left ventricular dysfunction, diastolic, 
128, 129

Left ventricular hypertrophy, stenotic 
aortic valve, 120

Left ventricular outflow tract  
obstruction

hypertension from sodium 
nitroprusside, 120–121

hypertrophic cardiomyopathy, 
139–140, 150

Leigh disease, 300
Lesch-Nyhan syndrome, 374–375
Leukemia, acute, 282–283, 283t
Leukocoria, retinoblastoma, 285
Leukomalacia, periventricular, 373–374
Level of significance, 671
Levetiracetam, 54
Lidocaine, 61

dosing, 569, 569t, 578, 578t
dosing, maximum, 67–68, 67t
infant, 578, 578t
metabolism, 578, 578t
methemoglobinemia from, 61, 69
neurological side effects, 569–570
toxicity, 67–68, 67t, 564

Ligamentum flavus, infant, 563, 563f
Linear array probe, 581, 582
Linear array ultrasound transducer, 40
Linear probe, 581
Linear regression, 679t
Lipid emulsion, for torsades de 

pointes, 117
Lipid metabolism defect, propofol 

infusion syndrome, 73–74
Lipid solubility. See Solubility, lipid
Lithium battery ingestion, 229
Liver. See also Hepatic
Liver metabolism, drug, 407–408

on dose responses, 48
L-looping, heart tube, 113–114
LMA, 525
Local anesthetics, 60–61. See also specific 

types and applications

absorption rate, injection site,  
 559, 560

adjuncts, 573–574
allergic reactions, 561–562, 573, 574
dosing, 582
dosing, factors, 578t, 579
dosing, maximum, 67–68, 67t, 

559–560, 559t
duration, 559
intraosseous injection, 563, 564
lipid solubility, pKa, and protein 

binding, 559
order of blockade, 573, 574
pharmacology, 60–61
protein binding, 572
protein binding, pH on, 572, 573
toxicity, 67–68, 67t
unionized form of, 573–574
on voltage-gated ion channels, 

573–574
Local anesthetic systemic toxicity 

(LAST), 53, 67–68, 67t, 579–580
amide anesthetics, 582
bupivacaine, 155–156
epinephrine dosing, 579, 580
factors, 582
Intralipid reversal, 72, 156, 570, 

579–580
protein, 71
symptoms, 582
treatment, 579–580

Log-rank test, 679t
Long bones, 15–16

Longitudinal studies, 668, 669, 674
Long QT syndrome, 55, 127–128, 

138, 411
syndactyly, 451
torsades de pointes, 117, 128

Loop diuretics, ototoxicity, 60
Low birth weight, 147
Low-frequency probe, ultrasound, 

581–582
Low molecular weight heparin, neuraxial 

block, 583
Low-voltage burn injuries, 503
Lumbar epidural, 577
Lumbar lordosis, infant, 10
Lung(s). See also Pulmonary

congenital cystic adenomatoid 
malformation, 340

expansion at birth, 87
gestational development, 82
in utero, 112
zones of perfusion, 89, 90f

Lung compliance, infant, 82
Lung distribution, perfusion

gravity on, 89, 90f
infant vs. adult, 89, 90f

Lung expansion, at birth, 87
Lung injury, hematopoietic stem-cell 

transplantation, 276
Lung isolation, neonates and small 

infants, 390–392, 391t
Lung ventilation, spontaneously breathing 

infant, 89
Lupus glomerulonephritis, 240
Lymphoid hyperplasia, obstructive sleep 

apnea, 456
Lymphoma, 205, 283t

M
Magnesium

for supraventricular tachycardia, 148
for torsades de pointes with long QT, 

117, 128
on uterine muscle, 339, 340

Magnetic resonance imaging (MRI)
auditory protection, 177, 193–194, 634
gadolinium complications, 177–178, 194
heating, focal, 193
risks, 634
tracheostomy tubes, 193

Magnetic resonance imaging (MRI) 
suite, 634

anesthesia equipment, 634
ferrous projectiles, 193, 194

Magnitude of difference between two 
experimental conditions, 668, 673

Malignancy. See Cancer; specific types

Malignant hyperthermia, 293
central core disease, 50–51, 295, 

301, 302
dantrolene for, 293, 616
dantrolene prophylaxis, 617
King-Denbonorough syndrome, 295
minicore disease, 301, 302
multiminicore disease, 295
neuromuscular disorders, 295
pathophysiology and signs, 616, 617
from succinylcholine, 56
susceptibility, 294–295
susceptible, 617
treatment, 616, 617
triggering agents, 617
uncontrolled, 616, 617

Malignant pericardial effusion, 144
Malpractice claims, 658
Malrotation, intestinal, 219–220, 

219f, 221
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Mandibular distraction osteogenesis, 
440, 441

Mandibular fracture, 460–461
Mandibular nerve, 571
Mannitol, 203

for burn injuries, 504
cerebral blood flow increase, 

transient, 203
CNS penetration, 203
hypotension from, transient, 69
on ICP, 505
for ICP increased, 69–70, 198, 

201, 203
for ICP increased, head trauma, 201
for ICP increased, with 

hypotension, 69
for traumatic brain injury, 198, 201

Mann-Whitney test, 677, 679t
Mantel Haenszel, 679t
Mapleson A system, 25, 25f, 26
Mapleson breathing circuit

advantages, 28
components, 25–26, 25f

Mapleson B system, 25, 25f
Mapleson C system, 25f
Mapleson D system, 25–26, 25f
Mapleson F system, 25, 25f, 37
Maple syrup urine disease, 318, 319
Marasmus, 372–373
Marfan syndrome, 187, 188, 466

aortic root disease, 187, 309, 480
genetic mutation, 309, 480
kyphoscoliosis pectus deformities, 92, 

93, 309–310, 480
mesenchymal scoliosis, 485
preoperative workup, 480
presentation, 187, 188, 309, 480

Mask ventilation, 525
desflurane, contraindications, 66
laryngeal (See Laryngeal mask airway)
provider-induced errors, 589–590
two-hand, 602, 603f

Mastoidectomy, 429–430, 443
Mastoiditis, coalescent, 443
Mastoid osteitis, acute, 443
Maternal blood

perfusion, 335, 336
placental barrier, 155, 334

Maternal drug use, in pregnancy, 321–322
Maternal hemorrhage, 335
Maternal pain management, 335, 336
Mature minors, confidentiality rights, 

660–661
Mauriac syndrome, 255
Maxillary nerve, 571
McCune-Albright syndrome, 316–317
McGill oximetry score, 426
McGill Pain Questionnaire, 645f, 646
Mean, 670, 675–676
Mean squares, 672, 672t
Mechanical dead space, 36
Meckel’s diverticulum, 215–216
Medial antebrachial cutaneous nerve, 565
Median, 669, 676
Median nerve block, 14
Median prosencephalic vein, 

arteriovenous fistula, 382–383
Mediastinal mass, anterior. See Anterior 

mediastinal mass
Mediastinitis, esophageal rupture, 439
Medical errors, 663

full disclosure, 661–662
preventable, 663

Medical knowledge, 659
Medical malpractice claims, 658
Medication errors, 61–62

Medullary thyroid cancer, 258–259, 264
Meissner plexus, 216
MELAS, 300
Meningocele, 379

Arnold Chiari malformation type II, 
177, 192, 196, 200–201, 379

complications, 192
malformations, 177, 192
spina bifida cystic, 192

M-Entropy, 35
Mepivacaine, maximum dose, 67t
MERRF, 300
Metabolic acidosis, pyloric stenosis, 224
Metabolic alkalosis

hypochloremic, hypokalemic, 
normotensive, chloride 
depletion, 551

hypokalemic, hypochloremic, 224, 225
pyloric stenosis, 224, 225, 538, 539
transfusion, massive, 493

Metabolizers, rapid, 75
Metanephrine, pheochromocytoma, 

281–282
Methadone

for burn patients, 501
for chronic pain, 411, 412, 413
half-life, 413
long QT syndrome, 411, 413
NMDA receptors, 413
potency and dosing, 418, 418t
respiratory depression, 411, 413

Methemoglobin
iNO treatment, 153
NO metabolism, 141

Methemoglobinemia, 31, 270–271
benzocaine, 297, 562
critical/life-threatening, 270
lidocaine, 61, 69
ortho-toluidine, 270, 271
prilocaine, 562
pulse oximeter, 38, 562
signs and symptoms, 270, 562

Methemoglobinemia treatment
G6PD patients, exchange 

transfusion, 271
methylene blue, IV, 69, 271

Methohexital, epileptogenicity, 176, 
182, 204

Methotrexate
chemotherapy, 278
graft-versus-host disease, 276

Methylene blue, for methemoglobinemia, 
69, 271

Methylene blue, on pulse oximeter, 31
Methylparaben

allergic reactions, 561–562, 573, 574
ester-type local anesthetics, 561, 562

Metoclopramide, for PONV prevention, 
68, 70–71

MH equivocal, 294
MH susceptibility, 294–295
Microsleep events, 658
Midazolam

for anxiety, preoperative, 520
bolus, + fentanyl, 52–53
on cerebral electrical activity, 181
for emergence delirium 

prophylaxis, 647
hepatic metabolism, 234
for ICP increased, 70, 454
peak plasma concentration, 

administration on, 434
prophylaxis, 433–434
side effects, 50
Tetralogy of Fallot, 515

Midgut, 215

development and rotation, 219, 219f
Midgut volvulus, 221
Milrinone

for persistent pulmonary 
hypertension, 124

for RV dysfunction after cardiac 
transplant, 128–129

Minicore disease, 301
Minimum alveolar concentration (MAC)

desflurane, 65, 66f
isoflurane, 48, 48f, 65, 65f
nitrous oxide, 49
potency and, 65
sevoflurane, 49, 49f, 65, 65f

Minor, emancipated
confidentiality rights, 660–661
definition, 661

Minute volumes, variable, 38, 39f
Mitochondrial genes, 300, 301
Mitochondrial myopathies, 300–301

Kearns-Sayre syndrome, 263
Mitral valve prolapse, pectus 

deformities, 93
Mixed venous saturation, low, 131
Mixing lesions, 114
Mode, 670, 676
Modified ultrafiltration, 170–171
Monochorionic diamniotic  

placenta, 347
Morbid obesity, 234–235
Morgagni congenital diaphragmatic 

hernia, 366, 384
Morphine

blood-brain barrier, 49
on fetus, 155
lipid solubility, and analgesia 

onset, 62–63
patient-controlled analgesia, 419t
potency and dosing, 418–419, 418t
PO to IV, 418–419, 418t
with severe hypoxemia, preoperative 

dosing, 648
Morquio syndrome, 302, 319–320
Motor blockade, density, 583
Motor evoked potentials, 30, 31, 190
Motor vehicle accidents, 493
Moyamoya disease, 176, 185
Mucopolysaccharidosis, 302–303, 

319–320
type I (See Hurler syndrome)
type III (See Hunter syndrome)

Mucosa, 216, 217
Mucosal neuroma syndrome, 316
Mucositis

hematopoietic stem-cell 
transplantation, 276

radiation therapy, 277
Multiminicore disease, malignant 

hyperthermia, 295
Multimodal distribution, 670
Multiple endocrine neoplasia

type I, 259, 316
type II, 258–259
type IIA, 316
type IIB (III), 316

Murmurs, heart, 125, 518–519
Muscle contraction, normal, 293
Muscle mass, 62
Muscle relaxants. See specific types

induction anaphylaxis, 68
nondepolarizing (See Nondepolarizing 

muscle relaxants)
Muscle weakness prolonged, 

neuromuscular blockade, 52
Muscular dystrophies, 296–297. See also 

specific types

Muscularis externa (propria), 216, 217
Musculocutaneous nerve, 565
Musculocutaneous nerve block, 14, 

574, 574f
Mydriasis

anticholinergic, 71–72
autonomic ocular physiology, 472t
phenylephrine, 471–472

Myelodysplasia, 200. See also 
Meningocele; Myelomeningocele; 
Spina bifida

definition, 196
induction anaphylaxis, 68, 178, 196
Klippel-Feil syndrome, 185, 200
latex allergy, 178, 192, 193, 196

Myelomeningocele, 196, 200, 379
Arnold Chiari malformation type 

II, 537
complications, 192
diagnosis of, 394
latex allergy, 196
spina bifida cystic, 192

Myelomeningocele repair, 332, 333
anesthetic considerations, 537
blood loss, 192–193
EXIT procedure, 349
positioning difficulties, 177, 192–193
sudden hypotension, cause, 178, 196

Myocardial ischemia
hypothermia on, 36
Williams syndrome, 168

Myocardial performance depressed, 
hypoxemia, 131

Myocarditis, 142–143
Myocardium, immature

fetal, 331
function, vs. adult, 118, 118t
mitochondria, 117–118
neonatal, 151–152
structure and metabolism, 118

Myoglobinuria, burn injuries, 503
Myotonia, 195, 295, 298. See also 

specific types

anesthetic management, 298, 299
dystrophic vs. nondystrophic, 

195, 196
triggers, 298, 299

Myotonia congenita, 300
Myotonic contractions, succinylcholine, 

178, 195
Myotonic disorders, 298–299
Myotonic dystrophy, 178, 195, 299

medications on, 178, 195
type 1, 195, 298–299
type 2, 298–299

Myringotomy tube placement, 430, 431

N
Nalbuphine, 418, 418t
Naps, strategic, 658
Narcotics. See also specific types

on fetal heart variability, 337
on fetal stress response, 337
in preterm infants, former, 538
respiratory depression from, 438

Narcotrend, 35
Narrow-angle glaucoma, pilocarpine 

on, 71–72
Nasolacrimal duct obstruction, 

congenital, 473
Nasopharyngeal angiofibromas, 

juvenile, 455
Nasopharyngeal temperature, 550–551
Natriuresis, cerebral salt wasting, 

254–255
Natural immunity, 311, 312
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Near infrared spectroscopy (NIRS)
for brain regional tissue perfusion, 166
mechanisms, 166
vs. pulse oximetry, 40
of rSO

2
 drop, sweep gas rate, 166–167

values, factors in, 166–167
Necessary treatment, emergency 

situation, 663
Neck mass, large fetal, 350
Necrosis, radiation, 277
Necrotizing enterocolitis, 229–230, 380
Negative predict value, 667
Negative skew, 674–675, 675f
Negligence, professional, 658
Neonatal abstinence syndrome, 322
Neonatal hypoglycemia, 317
Neonatal resuscitation, 361
Neostigmine, blood-brain barrier, 49
Nephroblastomas, 248, 281
Nephrogenic diabetes insipidus, 253
Nephrogenic systemic fibrosis, from 

gadolinium contrast agent, 
177–178, 194

Nerve stimulator-guided regional 
anesthesia, 567

Nesidioblastosis, 317
Neural ectoderm, 209–210
Neural motor evoked potentials, 30, 31
Neural tube defects, 378–379

anesthetic considerations, 370, 379t
closure, 192, 208
types, 378–379

Neural tube, gestational development, 
209–210

Neuraxial block (anesthesia), 336
anticoagulation with, 583
contraindications, absolute, 577
+ low molecular weight heparin, 583
opioid, complications, 573

Neuraxis, newborn vs. young child, 582
Neuroblastoma, 257–258, 283, 283t, 

284–285
Hirschsprung disease, 284
location and presentation, 284, 285
neurofibromatosis type 1, 284
spinal cord involvement, 284, 285
stage 4S, 285
staging, 284–285

Neurocele, 210
Neurocutaneous syndromes, 126–127
Neurofibromas, 312
Neurofibromatosis, 312, 313, 479

hypertension, 479
kyphoscoliosis, 479
types, 479

Neurofibromatosis type 1
cancers, 281
neuroblastoma, 257–258, 284

Neurokinin-1 receptor antagonists, 
PONV prevention, 68

Neuroleptic malignant syndrome, 295
Neurological development, anesthetics on, 

368–369
Neuromonitoring, 535
Neuromuscular blockade. See also 

specific types

aminoglycosides on, 52
chronic anticonvulsant therapy on, 74
desflurane on, 52
dexmedetomidine on, 52
fetal blood access, 334–335
inhalational agents on, 52
medications prolonging, 50
muscle weakness after, prolonged, 52
sevoflurane on, 52

Neuropathic pain, 412, 414

Neuropathy, postoperative, 620
Neuropore, anterior, 210
Neurotransmitters

excitatory, 206
inhibitory, 206

Newborn initial management
clear vs. stained meconium, 

361–362, 362t
steps, 362–363

Newborn resuscitation. See Resuscitation, 
newborn

NF-1, 312
NF-2, 312
Nicotinamide adenine dinucleotide 

phosphate hydrogenase 
(NADPH), 271

deficiency, 271
Niemann-Pick disease, 320
Nifedipine, on uterine muscle, 339–340
Nissen fundoplication, 233
Nitric oxide

inhaled (See Inhaled nitric 
oxide (iNO))

methemoglobin from, 141
for persistent fetal circulation, 377
on pulmonary vascular resistance, 376

Nitroglycerin, on uterine muscle, 339, 340
Nitrous oxide

in air-filled cavities, 28–29
blood-gas partition coefficient, 28
for cardiac effusion and 

tamponade, 144
cardiovascular effects of, 149
Charcot-Marie-Tooth disease, risk, 449
with GI surgery, ileus, or bowel 

obstruction, 28
+ isoflurane, 65
in mastoidectomy, omit, 430
minimum alveolar concentration, 49
with pneumothorax, 28–29
rapid elimination of, 26
on seizure threshold, 181
+ sevoflurane, 49, 65
solubility, 28, 29
tympanic graft placement, 443
in tympanoplasty, omit, 430

NMDA activation, 413
NMDA agonists, burn patients, 501
NMDA receptors

ketamine, 413
methadone, 413
pain modulation, 412

Nociceptive sensory neurons, pain 
transmission, 412

Nociceptive specific neurons, 412
Nociceptors, myelinated, low mechanical 

threshold, 209
Nominal data, 678
Nondepolarizing muscle relaxants. See also 

specific agents

acetylcholine receptor 
upregulation, 66–67

burn injury resistance, 498
in cerebral palsy, 66–67
on fetus, 155
infant vs. older child response, 73

Nonparametric regression, 679t
Nonshivering thermogenesis, 546, 

548, 635
Noonan syndrome, 307, 308

airway management, 449–450
Norepinephrine, 282
Normal distribution, 670–671, 670f
Normotensive hypochloremic, 

hypokalemic, metabolic 
alkalosis, 551

Normovolemic hemodilution, 486–487
acute, 483, 546

Norwood procedure, 330
stage I palliation with Blalock-Taussig 

shunt, 127–128, 130–131
surgical management, 171–172

Noxious stimuli, 257
EXIT or fetoscopic procedures, on 

neurological development, 337
infant circulatory response, 368

Null hypothesis, 671, 673, 673f, 677
ANOVA testing, 672
reject, 671, 671t
rejection of, 668, 673, 673f

Numerical Rating Scale (pain), 644, 644f
Nuss procedure, 92

O
Obesity, 8–9, 234–235
Observational studies, 668–669, 674
Obsessive-compulsive disorder, PANDAS, 

286–287
Obstructive sleep apnea

anesthesia concerns, 456
Angelman syndrome, 456
diagnosis, 456, 648
DiGeorge syndrome, 456
Ehler-Danlos syndrome, 456
lymphoid hyperplasia, 456
polysomnography, 456
postoperative, 647–648
Prader-Willi syndrome, 455
tonsillectomy and adenoidectomy 

with, 648–649
Obstructive sleep apnea syndrome, 93

from adenotonsillectomy, 
dexmedetomidine for, 431

diagnosis, 649
Down syndrome, 426
opioid sensitivity, 426
postoperative complications, 649

Obturator nerve, 15
Ocular blocks, 472–473, 473t
Ocular physiology, autonomic, 

471–472, 472t
Ocular surgery anesthesia, 472–473, 473t
Ocular trauma, 468–469, 473–474
Oculo-auriculo-vertebral syndrome. See 

Goldenhar syndrome
Oculocardiac reflex, 466–468

anesthetic choice, 466–468
nerve pathways, 467f, 613
presentation, 466
pretreatment, 466
treatment, 613
triggers, 613

Oculopharyngeal muscular 
dystrophy, 606

Okamoto system, 222
Oligohydramnios, 239, 242

sequence, 239
umbilical cord kinking, 335

Omphalocele, 217–218, 386, 387f, 
387t, 536

Ondansetron
antiemetic actions, 465, 466
mechanism of action and side 

effects, 68
for PONV, 68, 641

One-lung ventilation
bronchial blockers, 607–608
choice, young children, 608
neonates and small infants, 

390–392, 391t
techniques, 607–608

One-sided test, 677

One-tailed test, 677–678
One-way ANOVA, 679t
Open-angle glaucoma medications, 

470–471, 471t
Open globe injury, 468–469
Ophthalmic medications, 

hemodynamics, 623
Ophthalmic nerve, 571
Opiates. See also specific types

blood-brain barrier, 62–63
maternal use, in pregnancy, 322
serum concentration, 234

Opioid analgesics
patient-controlled analgesia, 419t
potency and dosing, 418, 418t
PO to IV, 418–419, 418t
seizure threshold, 181, 204

Opioid antagonists, for pruritus, 405
Opioids

adjunct, 573
clearance, greatest neonatal, 66
epidural, side effects, 405
neuraxial, complications, 573
obstructive sleep apnea  

sensitivity, 426
oral, availability, 75
respiratory compromise, 408
side effects, 573
urinary retention, 573

Opsoclonus-myoclonus ataxia, 284, 285
Optic neuropathy

anterior ischemic, 619, 620
posterior ischemic, 619–620
postoperative ischemic, 177, 191–192

Orchidopexy, 243
Ordinal data, 678
Ortho-toluidine, methemoglobinemia 

from, 270
Osteogenesis, distraction, 187
Osteogenesis imperfecta, 302–303, 

478–479
Osteopetrosis, 302–303
Osteosarcoma, 283–284, 481–483, 482t
Ostium secundum lesions, 154
Otitis media. See specific types

Ototoxic agents, 60
Oucher Scale (OUCHER), 405
Overgrowth syndromes, 314–315. See also 

specific types

bony, 315
neonatal hypoglycemia, 317
vascular, 314–315

Overpressure technique, 596
Overweight, 8–9. See also Morbid obesity; 

Obesity
Oxcarbazepine, 54
Oximeter, pulse. See Pulse oximeter
Oxycodone

availability, oral, 75
biotransformation, 408
potency and dosing, 418, 418t

Oxygen
fetal needs, in utero, 343–344, 344f
hemoglobin affinity, 85
pulmonary vasodilation, 112

Oxygenation
apneic, 436
brain, lactate and mixed-venous oxygen 

monitoring, 166
CO

2
 clearance and, 34–35

fetal, 331, 335, 336
fetal umbilical vein, 343

Oxygen-carrying capacity, cardiac 
output on, 85

Oxygen consumption
child, 116, 117
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hypothermia on, 36
infant, 88, 116, 117, 396
infant, unclothed, optimal 

environment, 443, 444
infant vs. adult, 90
neonate, 88

Oxygen-hemoglobin affinity, 86
Oxygen-hemoglobin dissociation curve, 

normovolemic hemodilution, 487
Oxygen transport, factors, 85f
Oxyhemoglobin, 86

light absorption, 345, 346
Oxyhemoglobin dissociation curve, 

carbon monoxide on, 497
Oxymorphone, 418, 418t

P
P (probability), 672, 672f
P50 

definition and indications, 86
infant >3 mos, 86, 86f, 86t

Pacemakers
biventricular, 133, 134
cardiac resynchronization therapy, 133
choice and settings, 132–134, 133t
dual-chamber, 132, 134
indications, 133–134, 133t
OR management, 138, 138t
positions, 132, 133t, 134
single-chamber, 132, 133, 134

Pacing modes, 132–134, 133t
dual-chamber, 132–133, 133t
by indication, 133–134, 133t
single-chamber, 132–133, 133t

PaCO
2

after ECMO, reduction, 162–163
cerebral blood flow relationships, 208, 

208f, 436
Pain

definition, 412
neonatal, 414–415
neuropathic, 412, 414
psychogenic, 412
referred, 412
sensory transmission, receptors in, 412
sickle cell crisis, 412–413
somatic, 412
visceral, 412

Pain assessment
cognitively impaired, 415t, 416
facial movements, fetal, 337
scales, 405, 644–646, 644f, 645f

Pain, chronic
care, 406
multimodal drug therapy, 411
presentation and evaluation, 406–407
prevalence, 406–407
red flags, 406, 406b, 407
treatment, 406

Pain circuits
assessment, 405
neonatal, 209

Pain fibers, 209, 411, 412
Pain management, 408. See also specific 

agents and types

adequate maternal and fetal, 335, 336
oral medications, 642

Pain modulation
calcium channel blockers, 412
NMDA receptors, 412
TRPV channels, 412

Pain pathways, development, 415
Pain perception, spinothalamocortical 

circuits, 337
Pain response, fetal physiologic,   

336–337

Pancreatitis, ARDS, 95
Pancuronium, 52, 53
PANDAS, 286–287
PaO

2
, chemoreceptor sensing, 436

Para-aminobenzoic acid (PABA), 
561–562, 573, 574

Paraglossal approach, intubation, 
593–594

Parameter, population, 669, 671
Paraneoplastic syndromes, 284
Parasympathetic cholinergic receptors,  

iris and ciliary muscle, 472, 472t
Paravertebral block, 5, 18–19, 

575–576, 575f
thoracic, 576

Paravertebral space, 5, 18–19
Parental presence at induction of 

anesthesia, 520–521, 527, 592
Paresthesias, 410, 414
Parkland formula, 396, 496
Paroxetine, 413
Partial androgen insensitivity 

syndrome, 255
Partial anomalous pulmonary venous 

return, 169–170
Partial atrioventricular canal, 113, 113f, 

168, 169
Partial pressure, anesthetic agent, 26–27
Partial pressure gradient, venous to 

alveolus, 64
Patent ductus arteriosus (PDA), 307

persistent fetal circulation, 377
persistent pulmonary hypertension of 

thenewborn, 124
repair, desaturation management, 

164–165
shunting, d-TGA, 122–123

Patent foramen ovale (PFO)
infant, C section, 118–119
persistent fetal circulation, 377
persistent pulmonary hypertension of 

newborn, 123–124
Patient care, 659
Patient-centered care, 663
Patient-controlled analgesia, dosing, 419t
Patient safety, 663
Pearson correlation (r), 675, 676, 

678–679, 679t
Pectus carinatum, 92–93

mitral valve prolapse, 93
repair, 92

Pectus excavatum, 92–93
mitral valve prolapse, 93
repair, 92

Pediatric Anesthesia Emergence Delirium 
Scale, 588, 588t, 651

Pediatric autoimmune neuropsychiatric 
disorder associated with group 
A streptococci (PANDAS), 
286–287

Pediatric Perioperative Cardiac Arrest 
(POCA) Registry, 605

Penile block, circumcision, 410
Penile nerves, 5, 18
Pentobarbital, for ICP increase, 70
Penumbra effect, 31, 38
Peptide YY, 232
Percutaneous needle 

cricothyroidotomy, 13–14
Perfusion, lung

distribution, 89, 90f
zones, 89, 90f

Peribulbar block, 473, 473t
Pericardial effusion, 144
Pericardial tamponade, pulsus 

paradoxus, 144

Periconal block, 473
Perineal nerve, penile, 18
Peripheral arterial chemoreceptors, PaO

2
 

and pH sensing, 436
Peripheral cutaneous sensory 

receptors, 209
Peripheral nerve blocks

elbow, 14
neurologic complications, 580–581
thigh, 14–15
ultrasound- vs. nerve 

stimulator–guided, 567
Peripheral nerve injuries, surgical 

complication, 620
Peritonsillar abscess, 439–440
Periventricular leukomalacia, 373–374
Permissive hypercapnia, 372
Peroneal nerve

ankle dorsiflexion, 564
ankle eversion, 564
deep, 564
superficial, 564
toe dorsiflexion, 564

Peroneal (fibular) nerve, 19–20, 19f
Persistent fetal circulation, 151, 376–377
Persistent pulmonary hypertension of the 

newborn, 375–376
inhaled nitric oxide for, 124, 141, 376
long-term sequelae, 375, 376
management, 123–124
pathophysiology, 123–124, 375, 376
treatment, 124, 141, 375–376

Peutz-Jeghers syndrome, 231
Pfeiffer syndrome, 306–307

airway difficulties, 594
craniosyntosis, 398

PGE1
for congenital heart defects, 153
for critical neonatal aortic stenosis, 134
for hypoplastic left heart 

syndrome, 145
for persistent pulmonary hypertension 

of newborn, 124
pH

central chemoreceptor response, 436
fetal scalp blood, 344–345
local anesthetic protein binding, 

572, 573
peripheral arterial chemoreceptor 

sensing, 436
Phakomatoses, 312, 313
Phantom limb pain, 414
Phased array ultrasound transducer, 40
Phenylephrine

on hemodynamics, 623
mydriasis, 471–472
Tetralogy of Fallot surgery, 146
uses and actions, OR, 146

Phenylketonuria, 318, 319
Phenytoin, 197
Pheochromocytoma, 256, 264, 

281–282, 312
hereditary, 282
management, 622–623
metanephrine, 281–282
undiagnosed, perioperative mortality, 

622, 623
Phimosis, 243
Phrenic nerve paralysis, unilateral, 442
pH stat management, 117

advantages, 132
hypothermia, 159–160

Physician–patient confidentiality, 
660–661

Physostigmine, 49
Pia mater, 570

Pierre Robin sequence (syndrome), 187, 
188, 218–219, 305, 306, 438

airway difficulties, 593–594
airway obstruction, 305
cardiac anomalies, 457, 458
cleft lip/palate, 457, 458 (See also Cleft 

lip; Cleft palate)
epidemiology and syndromes, 

440–441
facial abnormalities, 458
hallmarks, 440, 441
intubation, 440–441
mandibular distraction osteogenesis, 

440, 441
presentation and anomalies, 305, 306

Pilocarpine, 470–471, 471t
on hemodynamics, 623
with narrow-angle glaucoma, 71–72

Pink Tet, 164
pKa, local anesthetic, 559
Placental abruption, remifentanil on 

newborn, 155
Placental barrier, 155, 334
Placental circulation, maternal-fetal 

barrier, 155
Placental transport, 155
Placenta previa, 329
Plasma components, 274
Plasminogen, newborn, 272, 273, 273t
Pneumatosis intestinal, necrotizing 

enterocolitis, 229, 230
Pneumocyte cells type 2, surfactant 

secretion, 87–88
Pneumonitis, radiation, 277
Pneumoperitoneum, 631
Pneumothorax, 442

nitrous oxide, 28–29
potential intraoperative, 631

Poland syndrome, pectus 
deformities, 92, 93

Polyhydramnios, 242
uteroplacental perfusion, 335

Polymorphic ventricular tachycardia, 
torsades de pointes, 117

Polyp, juvenile, 231
Polyuria, 252. See also Diabetes
Population

definition, 669, 671
parameter, 669, 671
standard deviation, 667 (See also 

Standard deviation)
variability, 668, 673

Porphyrias, 320–321
Portal venous gas, necrotizing 

enterocolitis, 229, 230
Portoenterostomy, hepatic, 235
Positioning. See also specific positions and 

surgeries

neurosurgical procedures, 182–183
Positive correlation, 678
Positive predict value, 667
Positive-pressure ventilation, newborn 

resuscitation, 361–362
Positive skew, 674, 675, 675f
Positron emission tomography (PET), 

seizure foci, 194–195
Postanesthesia recovery score, 642–643, 

642b–643b
Postanesthetic apnea, 226
Postdural puncture headache, 568
Posterior fossa tumors, CSF flow, 205
Posterior ischemic optic neuropathy, 

postoperative visual loss, 619–620
Posterior reversible encephalopathy 

syndrome, 619–620
Postextubation croup, 84–85, 84f, 85f
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Postextubation stridor, 649
Postintubation croup, 592–593, 614, 649
Postintubation stridor, 644

endotracheal tubes, 644, 649
Postoperative analgesia, canal block, 393
Postoperative apnea. See Apnea, 

postoperative
Postoperative croup, epinephrine  

for, 649
Postoperative nausea and vomiting 

(PONV), 641–642, 641t
Postoperative nausea and vomiting 

(PONV) prophylaxis
age and incidence, 438–439
agents, 68
anesthetic technique, 465
dexamethasone, 204, 434
girls vs. boys, 438, 439
inner ear surgery, 70–71, 204, 443
medications, 465–466, 641–642
multimodal approach, 439
multimodal combination therapy, 

465–466
pediatrics, 465
risk factors, 68
surgery type, 438–439, 465

Postoperative visual loss, 177, 191–192, 
548–549

posterior ischemic optic neuropathy, 
619–620

risk factors, surgical, 620
Postterm infant, 147
Post-tonsillectomy bleeding, 435
Potter’s sequence, 239
Potter syndrome, 359
Power

factors, 668
of testing hypothesis, 668, 672–673

Practice-based learning and 
improvement, 659

Prader-Willi syndrome, 258, 317, 597
anesthetic considerations, 455–456
obstructive sleep apnea, 455

Precordial Doppler, venous air embolism, 
176, 183–184, 184f, 186

Preductal arterial line, 16–17
Preductal arteries, 16–17
Preemptive transplantation, renal, 247–248
Pregbalin, calcium channels, 412
Pregnancy

maternal drug, alcohol, and tobacco 
use, 321–322

maternal pain management, 321–322
placental barrier, 155, 334

Premature infant, 147
complications, 396
definition, 396, 643
obstructive and central apnea, 226
surgery timing, 370

Prenatal screening, fetal anomalies, 330
Preoperative autologous blood 

donation, 483
Preterm delivery, 339
Preterm infant. See also specific topics

anesthetic and narcotic risks, 
537–538

weight, 148
Preterm labor

definition, 338, 339
fetal surgery, 338–339
medications preventing, 339

Preterm premature rupture of 
membranes, 331

Prevalence, 678
Prilocaine, 61

methemoglobinemia, 562

PR interval, child vs. adult, 158
Probability (P), 672, 672f
Probe, ultrasound

curved array, 581–582
high- vs. low-frequency, 581–582
linear array, 581, 582
linear vs. curvilinear, 581

Procainamide, for torsades de pointes, 117
Procaine, maximum dose, 67t
Processed EEG monitoring, 40–41
Procoagulant proteins, 272, 272t
Professionalism, 659
Professional negligence, 658
Projectile vomiting, prolonged, 551
Prolonged QT syndrome. See Long QT 

syndrome
Promethazine, for PONV 

prophylaxis, 70–71
Promotility agents, mechanism of 

action, 523
Prone position, 183t
Propofol

cardiovascular effects, 120
contraindications, 73
dosing, 8
egg- or soy-allergic, 73
hepatic metabolism, 234
hydrophobicity, 158
injection pain prophylaxis, 67
on long QT interval, 55, 127–128
for ocular trauma, 474
PONV with, less, 465
pseudocholinesterase deficiency, 51
on QT interval, 128
side effects, 50
tracheoesophageal fistula, 223

Propofol infusion syndrome, 50, 73–74
length of perfusion, 158–159
lipid metabolism defects, 73–74
mortality predictors, 158–159
onset, 73, 74

Proportion, 670
Propranolol, for long QT, medications to 

avoid, 55–56
Prospective studies, 668, 669, 674
Prostaglandin E1. See PGE1
Prostaglandin inhibitors. See also 

specific types

on uterine muscle, 339, 340
Protein

anabolism, postsurgery, 257
plasma, 6–7
total body, 6–7, 6t, 8

Protein binding, infant, 6, 8, 48
Protein binding, local anesthetic, 559

decreased, 572
pH on, 572, 573

Protein C, newborn, 272, 273, 273t
Protein S, newborn, 272, 273, 273t
Proteus syndrome, 315
Prothrombin G20201A mutation, 273t
Prothrombin time (PT), neonate, 272
Proximal myotonic myopathy, 298–299
Prune belly syndrome, 227, 242

cryptorchidism, 243
oligohydramnios, 242

Pruritus
epidural analgesia, 405
neuraxial opioids, 573

Pseudocholinesterase, 433
Pseudocholinesterase deficiency, 51, 433

cocaine toxicity, 433
Pseudosubluxation, cervical spine, 494
P’s, five, 498–499
Psychogenic pain, 412
Psychosocial preparation, 528

Pudendal nerve, 5, 18
Pulmonary. See also Lung
Pulmonary arterial stenosis, Williams 

syndrome, 131, 132
Pulmonary artery hypertension, 167
Pulmonary aspiration. See Aspiration
Pulmonary atresia

presentations, 165
Tetralogy of Fallot, 129, 130

Pulmonary atresia with intact ventricular 
septum (PA/IVC), 165, 331, 332

coronary sinusoids, 165
hypotension treatment, 1-wk-old, 165
right-dominant coronary 

circulation, 165
Pulmonary atresia with ventricular 

septum defect (PA/VSD), 165
aortopulmonary collaterals, 165

Pulmonary banding, 162
Pulmonary dysplasia, 632–633, 632t
Pulmonary function tests

after spinal fusion, 485–486
anterior mediastinal mass, 

preoperative, 530, 530f
Pulmonary hypertension

bronchopulmonary dysplasia, 633
complete AV canal defects, 114
congenital heart disease, 140–141
perioperative acute RV failure, 

140–141, 141t
pulmonary vascular occlusive disease 

with VSD, 121–122
Pulmonary hypertensive crisis, acute, 

140–141, 141t
Pulmonary hypoplasia, omphaloceles, 

217–218
Pulmonary regurgitation, Tetralogy of 

Fallot repair, 166
Pulmonary sequestration, 340, 389–390

fetal hydrops, 340
surgery, neonatal, 364–365

Pulmonary steal, 162, 165, 172
Pulmonary stenosis, Tetralogy of Fallot, 

129, 130
Pulmonary surfactant, neonatal, 86–87
Pulmonary valve absent, Tetralogy of 

Fallot, 129–130
Pulmonary valvuloplasty, prenatal 

interventions, 331, 332
Pulmonary vascular beds, reactive, 

116, 117
Pulmonary vascular development, 151
Pulmonary vascular occlusive disease, 114, 

121–122
Pulmonary vascular resistance

2 years, 377
decrease, birth, 112, 119, 124
nitric oxide on, 376
normal infant, 375, 376
in utero, 376

Pulmonary vascular resistance, 
increased, 395

conditions, 395
persistent fetal circulation 

reversion, 395
right-to-left shunting, 395

Pulmonary vascular resistance index
calculation, 137, 137b
cardiac transplantation, 137

Pulmonary vascular tone, factors 
increasing, 141, 141t

Pulmonary vasodilation, from inhaled 
nitric oxide, 141

Pulmonary venous saturation, low, 131
Pulmonary vessels, gestational 

formation, 82

Pulseless VT, hypothermia, 502, 503
Pulse oximeter, 31

carboxyhemoglobin on, 38
cyanosis and methemoglobinemia, 270
fetal, 345–347
vs. fetal SpO

2
, 345, 346

interference, 38
IV dyes on, 31, 37
mechanism, 38
methemoglobinemia, 38
vs. near infrared spectroscopy, 40
postsurgical, low reading, 26
technology, 345

Pulse oximeter reading
interference, 38
vs. true arterial saturation, 31

Pulsus paradoxus, 126, 144
Purine metabolism disorder, 374
Pyloric stenosis, 223–224, 332, 333, 381, 

381t, 399–400
chloride depletion, 551
gastric emptying, impaired, 225
gastric fluid volume, average total, 225
hypovolemia, 224–225
infant, 224–225
metabolic alkalosis correction, 

538, 539
nasogastric tubes, 225
normotensive hypochloremic, 

hypokalemic metabolic  
alkalosis, 551

perioperative concerns, 538–539
postoperative apnea, 224, 225
postoperative pain control, 50
resuscitation, 224–225
stomach suctioning, 225
volume status signs, 538, 539

Pyloric stenosis surgery, 396

Q
Qp:Qs

balancing, single-ventricle 
physiology, 172

calculation, 599
high, VSD, 122
left-to-right shunts, 599
low, 131
normal, 172
pulmonary to systemic, vascular 

resistance, 114
tricuspid atresia, on cyanosis, 114

QRS complex, child vs. adult, 158
QT interval

beta-blockers on, 127–128
long (See Long QT syndrome)

Quality, six dimensions, 663

R
Radial artery, arterial pressure 

monitoring, 16–17
Radial nerve block, 14
Radiant (radiation) heat loss, 30, 35, 548
Radiant warmer, 30
Radiation necrosis, 277
Radiation pneumonitis, 277
Radiation therapy, side effects, 277–278
Randomization, 673
Randomized, controlled double-blind 

study, 669, 674
Range, 669–670
Rapid inhalation induction, 48
Rapidly progressive 

glomerulonephritis, 240
Rapid metabolizers, 75
Rapid sequence induction

burn patient, 107–108, 157
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drugs, on fetus, 155
pseudocholinesterase deficiency, 51
with total body burn, succinylcholine 

on, 107–108, 157
Ratio scale, 678
Reactive airway disease, gastroesophageal 

reflux, 236
Recirculation, in ECMO, 163
Rectal temperature, 551
Recurrent laryngeal nerve, brachial plexus 

block, 566
Refeeding syndrome, 550

avoiding, 373
Referred pain, 412
Regional blockade. See also specific agents 

and types

dosing guidelines, 569, 569t
Regional oxygen saturation (rSO

2
), NIRS, 

166–167
Regression, 676

nonparametric, 679t
Regression analysis, 676
Relationship (statistics), 675, 678–679
Remifentanil

burn patients, 501
on fetus and newborn, 155
hepatic metabolism, 234
neonatal pharmacokinetics, 66, 

74–75, 74f
pseudocholinesterase deficiency, 51

Renal. See also Kidney
Renal agenesis, Potter syndrome, 359
Renal aplasia, 247
Renal dysfunction, burn injuries, 

504–505
Renal dysplasia, 247
Renal failure, 240–242

acute, newborn, 241–242
intrinsic, 241
neonatal, 240–241
obstructive, 241–242
prerenal, 241

Renal neoplasms, Wilms tumors, 248, 281
Renal system. See also specific parts 

and topics

development, 239–240
Renal transplant, 247–248
Renal vein thrombosis, 240
Renin, high fetal, 240
Repeated-measures ANOVA, 679t
Repeated-measures design, 667, 668
Repeated-measures test, 677
Research design

classification, 668–669, 674
methods, 668–669

Reservoir bag, 36
Mapleson F system, 37

Resolution, 565
Respiratory depression

methadone, 411, 413
narcotics, 438
perioperative, obese, 8–9

Respiratory efforts poor, newborn, 
361, 362

Respiratory frequency, infant, 88
Respiratory values, infant vs. adult, 86t
Rest breaks, 658
Restrictive cardiomyopathy, 150
Restrictive lung disease, radiation therapy, 

277–278
Resuscitation, 492. See also specific agents 

and indications

cardiopulmonary, 135–136
dehydrated, 547–548
hypertonic saline, 505
hypothermia avoidance, 492–493

massive transfusion and coagulopathy, 
492–493

Resuscitation, newborn, 361
AHA program, 392
algorithm, 361, 363
amniotic fluid clear, 361–362, 362t
amniotic fluid meconium-stained, 

362, 362t
Apgar assessment, 360–361, 361t
apnea, primary, 361, 362
apnea, secondary, 361, 362
chest compressions, 363
indications, 392–393
management, 360
management, initial, 361–363
positive-pressure ventilation, 362, 363
positive-pressure ventilation in, 

361–362
respiratory efforts poor, 361, 362
tracheal intubation, 362, 362t, 363

Retinal artery occlusion, 619
postoperative, 191–192

Retinal detachment, 549
Retinal perfusion pressure, 548–549
Retinoblastoma, 285–286
Retinopathy of prematurity, 377–378, 

469–470
Retrobulbar block, 472, 473t
Retromolar intubation, 593–594
Retrospective studies, 668, 669, 674
Reverse rotation, abdominal, 

219–220, 219f
Revised Face, Legs, Activity, Cry, 

Consolability Scale (R-FLACC), 
415, 415t

Reynold’s number, 34
Rhabdomyoma, cardiac, 126–127, 

138–139
Rheumatic fever, 142–143
Rheumatic heart disease, 143, 143b
Right-dominant coronary circulation, 165
Right-heart failure, atrial septal 

defects, 515
Right-to-left shunt, 119. See also 

Left-to-right shunt
hypoxemia, 163, 164
on induction, inhaled, 599
on induction, IV, 150, 164
inhaled anesthetic wash-in, 119–120
in persistent fetal circulation, 376
pulmonary vascular resistance, 

increased, 395
Tetralogy of Fallot, 164, 515, 516
for total anomalous pulmonary venous 

return, 114
in tricuspid atresia, 123
vein of Galen aneurysmal 

malformation, 383
on wash-in, 119–120

Right ventricular dysfunction, 128–129
Right ventricular outflow tract 

obstruction
Tetralogy of Fallot, 153, 163, 164
venous air embolism, 186

Riley-Day syndrome, 198–199
Ring and Messmer scale, 623, 624
Ritodrine, on uterine muscle, 339, 340
Rocuronium

infant vs. older child response and 
duration of action, 73

for intracranial pressure, increased, 
454–455

for ocular trauma, 474
RSI in burn patient, 157

Ropivacaine
cardiotoxicity, 572

dosing and metabolism, 578, 578t
maximum dose and toxicity, 67, 67t

Rotation (development)
intestinal, 220–221
midgut, 219, 219f

Rule of nines, 497–498, 497f
“Rule of two’s,” 215, 216
Runny nose, differential diagnosis, 

539, 540t
Ryanodine receptor gene (RYR1), 

malignant hyperthermia, 294
Ryanodine receptors (RYRs), 293

S
Sacral anatomy, infant, 10
Sacral foramina, 570
Sacrococcygeal ligament, 570
Sacrococcygeal teratomas, 242, 342, 382
Sacrum, infant, 10
Safety, patient, 663
Saline

for dehydration resuscitation, 547–548
for ICP increased, 69–70

Saline, hypertonic
on ICP, 505
for ICP increased, 69
for ICP increased, head trauma, 201
for resuscitation, 505

Sample size, 668, 673
Sanfilippo syndrome, 319–320
Saphenous nerve, 20, 564, 579
Saphenous nerve block, 579
Saturation gap, methemoglobinemia, 270
Scald injuries, child abuse, 498
Scalp blood pH, fetal, 344–345
Scalp stimulation, fetal, 344–345
Scatter plot, 666f, 678
Sciatic nerve, 19–20, 19f, 575
Sciatic nerve block, 577

bunionectomy, 578–579
foot drop, 580

Sclerotherapy, chemical, 631–632
Scoliosis, 302

Cobb angle, 188–189, 188f
congenital, 485
curvature increases, effects, 

188–189, 188f
idiopathic, 535
infantile, 485
mesenchymal, 485
neuromuscular, 93
pulmonary function changes, 93–94, 

188–189
somatosensory evoked potentials, 

31–32, 177, 188–189, 188f
Scoliosis surgery

70° angle of curvature, on pulmonary 
artery pressure, 177, 188–189, 188f

for cerebral palsy, baclofen abrupt 
withdraw, 178, 196–197

for Duchenne muscular dystrophy, 478
neurologic complications, 189, 485
SSEP monitoring, 177, 189–190

Scopolamine, 71–72
on hemodynamics, 623
motion sickness and PONV, 465, 466

Sedation. See also specific agents and types

conscious, 650
deep, 650
general anesthesia, 650
levels, 650
minimal, 650
moderate, 650
neuraxial opioids, postoperative, 573

Seizure disorder. See Epilepsy
Seizure foci identification

PET, 194–195
SPECT, 178, 194–195

Seizure threshold
midazolam, 181
nitrous oxide, 181
opioid anesthetic, 181, 204

Selective IgA deficiency, 311, 312
Selective serotonin reuptake inhibitors

fetal effects, 240, 241
pain modification, 413

Sensitivity, 667
Sensorineural hearing loss, 441
Sensory receptors, gestational 

development, 209
Serosa, 216–217
Serum osmolality, 259
Severe common variable 

immunodeficiency syndrome, 311
Sevoflurane

advantages, 595
cardiovascular effects, 120, 149, 

595, 596
emergence delirium, 66, 615, 650
malignant hyperthermia, 617
minimum alveolar concentration, 49, 

49f, 65, 65f
neuromuscular blockade, 52
ocular trauma, 474
pharmacodynamics, 65
postemergence delirium, 595
properties, 595
QT interval, 55–56
side effects, 595
tolerance, 49
trismus, 439, 440
uterine contraction from, 339, 340

Sheehan syndrome, 264
Shivering, hypothermia, 36
Shivering thermogenesis, 546
Shock, dopamine for, 146–147
Shprintzen-Goldberg syndrome, 187
Shunting, intracardiac. See also Right-to-

left shunt; specific types601
Qp:Qs, 599

Sickle cell crisis pain, 412–413
Sickle cell disease, 405–406

anesthetic technique, 275
chronic transfusion therapy, 275
perioperative considerations, 540, 541t
perioperative considertaions, 274–275
perioperative morbidity and 

mortality, 274
sickling mechanisms, 540

Side stream capnometer, ETCO
2
-PaCO

2
 

difference, 36
Significance level, 671, 671t
Simpson-Golabi-Behmel syndrome, 

315, 317
Single-lung ventilation, 590–591

absolute and relative indications, 
590, 590b

in lateral decubitus position, on 
desaturation, 89–90, 90f

techniques, 90, 91t
Single-photon emission computed 

tomography (SPECT), of seizure 
foci, 178, 194–195

Single-shot spinal, for former preterm 
infant, 537–538

Single-ventricle physiology
complications, 145
definition, 171, 172
hypoplastic left heart syndrome, 

171, 172
hypoxemia diagnosis, 130–131
Qp:Qs balancing, 172
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Sipple syndrome, 258–259, 316
Sitting position

advantages and disadvantages, 183t
CNS surgery, clinical situation, 176, 

182–183, 183t
hyperventilation, 176, 182–183
venous air embolism, 183, 196

Situs inversus with dextrocardia, 
424f, 442

Six core competencies, 659
Six Dimensions of Quality, 663
Size classification, newborn, 147
Skeletal muscle spasticity, cerebral palsy. 

See Cerebral palsy
Skewness, 674–675
Skin-cleaning preparations, for 

spinal, 59–60
Skin injuries, inflicted, child abuse, 662
Skin surface to body mass ratio, infant, 546
Skin temperature, 550–551
Skin-to-environment temperature 

gradient, 548
Sleep debt, 658
Sleep deprivation, 658
Sleep habits, good, 658
“Slow to wake up,” RSI agents for, 51
Small bowel functions, 232, 233
Small for gestational age, 147
Smoke inhalation injury, 495–496
Sniffing position, 589, 590
Sodalime, 37–38
Sodium bicarbonate

burn injuries, 504
cyanide toxicity from sodium 

nitroprusside, 121
for hypoxemia in Norwood procedure, 

127–128
Sodium channels, pain modulation, 412
Sodium fractional excretion, preterm 

neonates, 240
Sodium nitroprusside, for cyanide toxicity, 

120–121
Sodium tetradecyl sulfate 

sclerotherapy, 632
Sodium thiosulfate, for cyanide toxicity, 

69, 121
Soler-Weber-Rendu syndrome, 185
Solubility

inhaled anesthetic F
A

/F
I
, 64

nitrous oxide, 28, 29
Solubility, lipid

fentanyl, 62–63
local anesthetic, 559
morphine, 62–63

Somatic pain, 412
Somatosensory evoked potentials (SEPs, 

SSEPs), 30, 31–32
amplitude, drugs increasing, 177, 

190–191, 191t
amplitude vs. latency, 197, 198
amplitude vs. latency, isoflurane, 177, 

190, 191t
anesthetics, 191, 191t
cortical, 30, 31–32
hyperventilation, 190
hypotension, 190
inhalational anesthetics, 190–191, 191t
mechanisms and reflections, 189–190
pharmacological and physiological 

variables, 32, 197–198
polarity, amplitude, and latency, 

31–32, 197, 198
scoliosis surgery, 31–32, 177, 

188–189, 188f
spinal cord monitoring, 189, 197
volatile anesthetics, 190

Sotos syndrome, 315
Spearman correlation, 679t
Specificity, 667
Spectroscopy, near infrared. See Near 

infrared spectroscopy (NIRS)
Sphingolipidoses, 320
Spina bifida

anesthetic considerations, 379, 379t, 
484, 485

clinical features, 484, 485
latex allergy, 484, 485
meningocele and 

myelomeningocele, 379
neural tube defect, 196, 200, 208, 

378–379, 379t
preoperative evaluation, 484

Spina bifida cystica
with meningocele, 192, 568, 569
with myelomeningocele, 192, 568, 569

Spina bifida occulta, 192, 568, 569
Spinal anesthesia

CSF volume on, 567–568, 583
duration of action, 583
high, neonatal manifestation, 571
infant, 571
inguinal hernia repair, 226
neonatal, location, 571
respiratory distress and apnea, 396
single-shot, in former preterm infants, 

537–538
skin-cleaning preparations, 59–60
total, 226, 393

Spinal cord blood flow, 207
Spinal cord injury monitoring, SSEP, 197
Spinal cord injury without radiographic 

abnormality (SCIWORA), 494
Spinal fusion, pulmonary function tests, 

485–486
Spinal muscular atrophy, 313–314
Spine injury, cervical, 494
Spinocerebellar ataxia, 314
Spinothalamocortical circuits, pain 

perception, 337
Spitz system, 222
SpO

2,
 fetal, 345, 346

vs. pulse oximetry, 345, 346
Spontaneous ventilation,  

efficiency, 25, 26
Standard deviation, 670, 676

calculation, 669–670
population, 667

Standard deviations of the mean
one, 670, 670f, 671
three, 670–671, 670f
two, 670, 670f, 671

Standard of care, breach of, 658
Stapedius reflex thresholds, 441
Starvation, catabolic, 550
Statistic, 669
Statistical data, classification, 678
Statistical methods, 667–668
Statistics, 671. See also specific topics

Steinert disease, 195, 298–299
Stem cells, 275
Still’s murmur, 518, 519
Stimulator-guided regional 

anesthesia, 567
Stocker classification, 341
Storage diseases, 319–320
Strabismus repair, 474
Strategic naps, 658
Strawberry tongue, Kawasaki disease, 142
Streeter anomaly, 359–360
Stress response

endocrine, neonatal and infant, 
367–368

fetal, narcotics on, 337
postsurgery, 257

Stridor
diagnosis and types, 95
expiratory, 442, 624
inspiratory, 425, 624
laryngomalacia in, 625
lesions in, 624–625
postextubation, 649
postintubation, 644, 649
tonsillar hypertrophy, 625
vocal cord injury, 625

Stroke volume, fetal, 113, 335, 336
Student t-test, 677–678, 679t
Sturge-Weber syndrome, 126–127, 

185, 359
clinical presentation, 460
lesions and angiomas, 313
neurological symptoms, 460
port-wine stain, 460
vascular overgrowth, 314–315

Subarachnoid space
local anesthetic injection, 561, 562
newborn, 571
preterm infant, 563, 563f

Subclavian arterial pressure 
monitoring, 17

Subglottic area, infant, 6, 11
Subglottic edema, 84–85, 84f, 85f, 94
Subglottic stenosis, 95, 429
Submucosa, 216, 217
Subplate neurons, 373
Sub-Tenon’s block, 472–473, 473t
Succinylcholine

bradyarrhythmias, 72, 157
burn injury sensitivity, 498
in burn patient RSI, 107–108, 157
cardiac sinus arrest, 72
central core disease, 50–51
dose, neonate, 6–7, 6t
Duchenne muscular dystrophy, 

contraindicated, 297, 439–440
fetus, 155
hyperkalemia, 50, 56, 67
for ICP increased, 454–455
on intraocular pressure, 468, 474
on long QT interval, 55
malignant hyperthermia, 56, 617
mechanism of action, 67
myotonic contractions, 178, 195
neonate dose, 6–7, 6t
for ocular trauma, 474
pediatrics, FDA on, 56
potassium rise, excessive, 157
pseudocholinesterase deficiency, 51
side effects, 50

Sudden death, MI in Williams 
syndrome, 168

Sulfamethoxazole and trimethoprim 
allergic reaction, 54

Sulfonamide allergic reaction, celecoxib 
avoidance, 54

Sum of squares (SS), 672, 672t
Superior vena cava syndrome, 521
Supraclavicular approach, brachial plexus 

block, 560, 566
complications, 574
hand surgery, 578, 579

Supraclavicular nerve, 565
Supraglottic device placement, 601
Supraglottic edema, 94
Supraorbital block, 571
Supravalvular aortic stenosis, Williams 

syndrome, 131–132
Supraventricular aortic stenosis, sudden 

death, 168

Supraventricular tachycardia, 137–138
ECG, 148
intrauterine, 140
pre-surgery, 148–149

Sural nerve, 20
Surfactant

neonatal pulmonary, 86–87
type 2 pneumocyte cells, 87–88

Surgical cricothyroidotomy, 13–14
Survival motor neuron gene mutation, 

313–314
Sweep gas rate

ECMO, 163
NIRS, 166–167

Sympathetic chain ganglia, 5, 18
Sympathetic rami communicantes, 5, 18
Syndactyly, 451

border digits, 451
congenital long QT syndrome, 451

Syndrome of inappropriate antidiuretic 
hormone secretion (SIADH), 
199–200, 200t

vs. cerebral salt wasting, 255
diagnosis and presentation, 260–261
etiology, 260–261
hypoosmolar hyponatremia, 547
serum osmolality, 259
treatment, 261, 547
untreated, 547

Systemic vascular resistance, volatile 
anesthetics, 149

Systems-based practice, 659

T
T3 receptor binding, 261

amiodarone on, 254
 T4, 261
Tachycardia, fetal, 338
TACO, 626
Tacrolimus, 279
TAP block

in 2-month-old baby, 582
anatomy of, 579
for anterior cutaneous nerve 

entrapment syndrome 
diagnosis, 417

performance of, 561
for postoperative pain, 561
for postoperative respiratory failure, 

553, 553f
Tay-Sachs disease, 320
Tear duct probing, 473
Technetium-99m, 195
Temperature

anesthesia on, 635
bladder, 551
nasopharyngeal, 550–551
pulmonary artery, 550, 551
rectal, 551
skin and axillary, 550–551
skin-to-environment gradient, 548

Temperature, core, 634–635
burn injuries, 499
thermoregulatory control, 550–551

Temperature extremes, 493
Temporal arterial pressure monitoring, 17
Tension pneumothorax, 494

airway exchange catheter, 33
Teratogens, fetal, 240–241
Terbutaline, on uterine muscle, 339, 340
Testicular torsion, 244

Tetralogy of Fallot, 532
Tetracaine, maximum dose, 67t
Tetracycline, fetal effects, 240, 241
Tetralogy of Fallot, 393, 531–532, 531f

afterload, increasing, 146
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anesthetic considerations, 
515–516, 532

cardiac defects, 153
ductus arteriosus, 153
hypercyanotic episode, 532
left-to-right VSD flow, 164
lesion components, 515
noncyanotic, 164
pathophysiology, 129, 130, 531
phenylephrine, 146
presentation, 164, 166
pulmonary atresia, 129, 130
pulmonary stenosis, 129, 130
pulmonary valve absent, 129–130
reflex bradycardia, 146
testicular torsion, 532
ventricular septal defect, 152–153, 164

Tetralogy of Fallot repair
abnormalities after, 30-yr-old, 166
complete, 166
complications, 129–130
desaturation and difficult airway, 163
failure to wean from ECMO, 162–163
induction, 100% oxygen saturation, 

163–164
pulmonary regurgitation after, 166

Tet spell, 129, 130, 515, 516, 531–532
definition, 163, 164
management, 163–164
RV outflow tract obstruction, 163, 164

Thermal imbalance, 30
Thermogenesis

nonshivering, 546, 548, 635
shivering, 546

Thermoneutrality, 548
Thermoregulation, 116, 117, 546
Thigh

peripheral nerve block, 14–15
skin innervation, 577

Thiopental, for increased ICP, 70, 454
Thoracic paravertebral block, 576
Thoracic trauma, 493–494
Thoracoamniotic shunts, 340
Thrombocytopenia, valproic acid, 181, 182
Thrombosis, renal vein, 240
Thyroglobulin, 261
Thyroid cancer, 283t
Thyroid deficiency, 

craniopharyngiomas, 205
Thyroid dysgenesis, 262
Thyroid gland, 261
Thyroid storm, 256
Tibial nerve, 19–20, 19f

anatomy, 19–20, 19f
ankle inversion, 564
ankle plantar flexion, 564

Tic disorder, PANDAS, 286–287
Tidal volume, infant, 88
Timely care, 663
Timolol, 470, 471t

on hemodynamics, 623
Tinzaparin, neuraxial block, 583
Tissue expanders, 459
Tobacco use, in pregnancy, 322
Tocolytics, 339–340
Toe dorsiflexion, deep peroneal nerve, 564
“To Err Is Human: Building a Safer 

Health System,” 663
o-Toluidine, methemoglobinemia from, 

270, 271
Tongue

infant, 11, 434
on inhalational induction, 434, 435
neonatal, 398

Tonsillar hypertrophy, 426
stridor from, 625

Tonsillectomy
bleeding after, 435
dexamethasone for, 431
Down syndrome, 532–533
obese, 8–9
with obstructive sleep apnea, 648–649

Torsades de pointes, long QT 
syndrome, 128

magnesium sulfate for, 117, 128
Total anomalous pulmonary venous 

return, 114, 169–170
Total body fat, 6–7, 6t, 8, 62
Total body protein, 6–7, 6t, 8
Total body water, 6–7, 6t, 8, 62, 549

preterm neonates, 599
Total body weight, 549
Total lung capacity, infant vs. adult, 

83–84, 83f
Total spinal anesthesia

hemodynamic collapse, 583
infant, 393

Tourniquet, 486
Tracheal deviation, goiter, 253
Tracheal intubation

morbidly obese, 236
newborn resuscitation, 362, 

362t, 363
unanticipated difficult, 1-8 yr, 

602, 603f
Tracheobronchomalacia, after Tetralogy 

of Fallot repair, 129–130
Tracheoesophageal fistula, 386–387, 

428–429
anesthetic management, 223
classification, 221, 222f
endotracheal intubation, 223, 428
heart defects, 386
management and repair, 386–387
other anomalies, 222, 223
rigid bronchoscopy evaluation, 223
symptoms, 386
VACTERL, 428–429

Tracheomalacia, 399
Tracheostomy tubes

cuffed, 427
guidelines, pediatric, 427, 427t
MRI-safe, 193
outer diameter, 426–427
size, 426–427, 427t

TRALI, 626
Tramadol, CYP2DB 

biotransformation, 408
Tranexamic acid, orthopedic oncology 

surgery, 483
Transcellular fluids, 549
Transducer, ultrasound, 40

linear array, 40
Transesophageal echocardiography

atrial septal defect, 107f, 153–154
cardiac transplant intraoperative 

assessment, 135, 136
Transfusion

exchange, methemoglobinemia with 
G6PD, 271

twin-twin transfusion syndrome, 347
Transfusion-associated circulatory 

overload, 626
Transfusion, blood

chronic, sickle cell disease, 275
infections, 625
massive, coagulopathy, 492–493
massive, complications, 493
refusal, 661

Transfusion reactions, 626
Transfusion related lung infection, 626
Transglutaminase, IgA antitissue, 232

Transient erythroblastopenia of 
childhood, 371

Transient receptor potential vanilloid 
channels, 412

Transitional atrioventricular canal, 113, 
113f, 168, 169

Transitional circulation, 148
Transitional state flow, 34
Transplant. See specific types

Transposition of the great arteries, 173
arterial switch operation, 173–174
d- (left), 113, 122–123

Transpulmonary gradient, 137, 137b
Transverse abdominis plane (TAP) block

in 2-month-old baby, 582
anatomy of, 579
for anterior cutaneous nerve 

entrapment syndrome 
diagnosis, 417

performance of, 561
for postoperative pain, 561
for postoperative respiratory failure, 

553, 553f
Transverse process, 575–576, 575f
Transversus abdominis plane block, 

553f, 557f
Trauma. See also specific types

acute, 499–500
blunt, 493
intraosseous line, 499–500
mortality, 493
primary survey, 505–506
thoracic, 493–494

Traumatic brain injury, 198, 492
hyperventilation, 198, 201
intracranial pressure, 198
treatment, 198

Treacher-Collins syndrome, 458
airway difficulties, 594, 595, 607
anesthesia, 451–452
cleft palate, 607
diagnosis and anomalies, 306, 451, 

458, 606–607
glossoptosis, 607
hypoplastic zygomatic arches, 607
intubation, 451

Trendelenburg position, 
pneumoperitoneum, 631

Tricuspid atresia
Fontan palliation, 144–145
pathophysiology and classification, 123
surgery, 123

Trigeminal nerve, 571
ophthalmic division, 613

Trismus, sevoflurane, 439, 440
Trisomy 13, 366
Trisomy 18, 366
Trisomy 21. See Down syndrome 

(Trisomy 21)
Tropicamide, 471
Trousseau’s sign, 260, 552
Truffier’s line, 568
t-statistic, 667, 668
t-test, 677–678, 679t

independent measures, 667, 668
Tuberous sclerosis, 312–313
Tuberous sclerosis complex, 126–127, 139
Tumor lysis syndrome, from 

dexamethasone, 283
Turbulent flow, 34
Turner syndrome, 307–308
T waves, child vs. adult, 158
22q11 microdeletions, 304–305, 551. See 

also specific syndromes

22q deletion, cleft palate, 438
Twins, conjoined, 637–638, 637t

Twin-twin transfusion syndrome, 
332–333, 347–348

Two-hand mask ventilation, 602, 603f
Two-sided test, 677
Two-tailed test, 677
Tympanic graft placement, nitrous 

oxide, 443
Tympanoplasty, 429–430, 443
Tympanostomy tubes, 432–433
Type I error (α), 668, 671, 671t, 

672–673, 673f
Type II error (β), 668, 671, 671t, 672, 

673, 673f
Tyrosinemia, 318, 319

U
Ulcerative colitis, 228–229
Ulnar nerve block, 14
Ultrafiltration, 170–171
Ultrasound

axial resolution, 40
cranial, 373–374
epidural tip position, infant, 576
frequency and wavelength, 565, 

566, 577
gain, 557f, 565, 577, 578f
lateral resolution, 40
probe choice, 581–582
resolution, 565
sound wave frequency, 565

Ultrasound transducer, 40
Umbilical arterial line, blanching, 12, 13
Umbilical arteries, 8–9, 12–13, 17f
Umbilical artery catheterization, 12–13
Umbilical blood flow, 335, 336
Umbilical catheters

arterial, 12, 13
complications, 626–627

Umbilical cord, 8–9, 17f
clamping, 392
kinking, oligohydramnios, 335
prolapse, 329

Umbilical hernias, 233–234
cryptorchidism, 243

Umbilical vein, 8–9, 17f
oxygenation, fetal, 343–344
uterine, 342–343

Umbilical vein catheterization
anatomy, 8–9, 17f
complications, 9–10
neonatal placement, 9–10

Umbilical venous cannulation, 626–627
Unconjugated hyperbilirubinemia, 374–375
Undescended testicles, 243
Upper airway

anatomy and mechanics, 434
narrowing, offsetting, 589, 590

Upper airway obstruction, 97–98. See also 
specific syndromes

differential diagnosis, 98
helium for, 34

Upper-extremity dermatome, 560, 560f
Upper respiratory infections

airway reactivity, 432, 433
cleft lip/palate, 457
laryngospasm risk, 617–618
noninvasive airway management, 525
positive-pressure ventilation, 525
risks, 432–433
signs and symptoms, 539, 540t
surgical screening, 525
Williams syndrome, 530

Ureteral reimplantation, 245
Urethral valves, posterior

cryptorchidism, 243
oligohydramnios, 242
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Urinary retention, opioids, 573
Urinary system. See also specific parts 

and topics

fetal development, 239–240
gestational development, 239

Urinary tract infection, febrile, 
vesicoureteral reflux, 245

Urogenital system, gestational 
development, 239

Urologic surgery, neonatal, caudal block 
for, 394

Uterine contraction, from volatile 
anesthetics, 339, 340

Uterine displacement, left, 335
Uterine incision, on uteroplacental blood 

flow, 335
Uterine muscle

beta
2
 adrenergics on, 339, 340

calcium channel blockers on, 339–340
indomethacin on, 339, 340
magnesium on, 339, 340
nifedipine on, 339–340
nitroglycerin on, 339, 340
prostaglandin inhibitors on, 339, 340

Uterine relaxation, anesthetics, 350
Uterine rupture, 325t, 329
Uteropelvic junction obstruction, 244
Uteroplacental blood flow, 335
Uteroplacental gas exchange, 342–343

V
VACTERL syndrome, 304

anesthesia induction and 
ventilation, 304

omphaloceles, 217–218
tracheoesophageal fistula, 386–387, 

428–429
Vagus nerve, dorsal nucleus, 613
Valproate-induced coagulopathy, 181
Valproic acid, 53, 54

coagulopathy, 176, 181–182
side effects, 176, 181–182
thrombocytopenia, 181, 182

Valvulopathy, antibiotic prophylaxis 
presurgery, 141–142

Valvuloplasty, pulmonary, prenatal 
interventions, 331, 332

Vancomycin, IV dosages, 59
Vaporizers, 26–27, 37
Variability, 669–670

population, 668, 673
Variable-bypass vaporizers, 26–27, 37
Variance, 670
Vascular anomalies. See also specific types 

and syndromes

chemical sclerotherapy, 631–632
malformation classification, 185

Vascular lesions, 184–185
pediatric, 185

Vascular overgrowth syndromes, 314–315
Vascular rings, 459–460

aortic arch, 112
Vasculogenesis, normal, 470
Vasoactive intestinal peptide, tumor 

secretion, 284
Vaso-occlusive episodes, sickle cell crisis, 

412–413
Vecuronium, bolus, 52, 53
Vein of Galen aneurysmal malformation, 

382–383

Velocardiofacial syndrome. See DiGeorge 
syndrome

Venoarterial ECMO, 349
Venous air embolism, 185, 546–547

in craniectomy for craniosynostosis 
repair, 185–186

echocardiography, 176, 183–184, 184f
end-tidal CO

2
 decrease, 186

hypotension, 196
intraoperative detection, 176, 

183–184, 184f
neurosurgery, 546–547
positioning, 186
precordial Doppler, 176, 183–184, 

184f, 186
pressure gradient, operative site, 

183, 184
RV outflow obstruction, 186
signs, 183, 184
sitting position, 183, 196

Venous anomalies, 185
Venous return

normovolemic hemodilution, 487
total anomalous pulmonary, 114, 

169–170
Venous saturation, low, 131
Venous to alveolus partial pressure 

gradient, inhaled anesthetic F
A

/
F

I
, 64

Venovenous ECMO, 349
Ventilation. See also specific types

amplitude, 34, 35
controlled, efficiency, 25, 26
efficiency, 26
lung, spontaneously breathing 

infant, 89
Mapleson circuits, 25–26, 25f
positive-pressure, newborn 

resuscitation, 362, 363
spontaneous, efficiency, 25, 26
volume-controlled, variable minute 

volumes, 38, 39f
volume-targeted, 372

Ventilation distribution, lung
gravity on, 89, 90f
infant vs. adult, 89, 90f

Ventilation/perfusion (V/W) ratio
adult vs. child, 89
position and gravity, 89, 90f

Ventilator-associated lung injury, 34, 372
Ventricles, in systemic blood flow, in 

utero, 118–119
Ventricular fibrillation, hypothermia, 

502, 503
Ventricular hypertrophy, 115–116, 

150. See also Hypertrophic 
cardiomyopathy

Ventricular septal defect (VSD), 533, 533f
blood flow, 173
Down syndrome, IV induction, 

150–151
Eisenmenger, ventilation, 167–168
FiO

2
 of oxygen, 121–122

high Qp:Qs, 122
incidence and locations, 173
restrictive vs. nonrestrictive, 173
shunt reduction, 173
Tetralogy of Fallot, 164 (See also 

Tetralogy of Fallot)
types, 121–122, 173

Ventricular septal defect (VSD) repair
hypercarbia and hypoxemia, improving 

oxygenation, 173
NIRS regional oxygen saturation drop, 

increasing, 166–167
transcatheter closure, 173

Ventricular tachycardia, 138
bupivacaine, 155–156
polymorphic, torsades de pointes, 117
pulseless, from hypothermia, 502, 503

Venturi effect, 434
Vertical Visual Analog Scale, 644, 644f
Very low birth weight, 147
Vesicoureteral reflux, 70, 240, 245
Vibroacoustic stimulation tests, fetal, 

344–345
Video laryngoscope

difficult airway, 602, 603f
GlideScope Cobalt®, 601–602

Visceral pain, 412
Visual Analog Scale, 405, 415
Visual loss, postoperative, 177, 191–192, 

548–549
posterior ischemic optic neuropathy, 

619–620
surgical risk factors, 620

Vital capacity, 83, 83f
Vitamin K–dependent factors, at 

birth, 272
Vocal cords

infant, 6
injury, in stridor, 625
neonatal, 398
paresis, 95

Vogt classification, 221, 222f
Volatile anesthetics. See Inhalational 

anesthetics; specific types

Voltage-gated ion channel, anesthetic 
blockage, 573

Volume of distribution, 6–7, 6t, 8
body composition, 62, 549
infant, hydrophilic drugs, 564

Volume resuscitation, perioperative 
anaphylaxis, 68

Volume status
fetal, in surgery, 346, 347
pyloric stenosis, 538, 539

Volume-targeted ventilation, 372
Volutrauma, 372
Volvulus

malrotation, 243
midgut, 221

Vomiting. See also Postoperative nausea 
and vomiting (PONV)

prolonged projectile, 551
Von Hippel-Lindau syndrome, 313

pheochromocytoma, 256l
von Recklinghausen disease, 312
von Willebrand factor, neonate, 

272, 272t
V/Q mismatch and shunting, 631

drowning, 500
v wave, 33, 33f

W
WAGR syndrome, 281, 310
Wake-up test, 189
Warfarin, epidural catheter removal, 583
Warmer, radiant, 30
Warming, convective, 499

Wash-in, 64
factors, 119, 120, 598–599
infant vs. adult, 119, 120
left-to-right shunt, 119
right-to-left shunt, 119–120

Watcha Behavior Scale for Emergence 
Delirium, 588, 589t

Water
dissociation constant, hypothermia 

on, 117
intracellular, 62

Waterson system, 222
Water, total body, 6–7, 6t, 8, 62, 549

preterm neonates, 599
Wavelength (ultrasound), frequency and, 

565, 566
Weight

birth (See Birth weight)
newborn, classification, 147
overweight, 8–9 (See also Morbid 

obesity; Obesity)
preterm infant, 148
total body, 549

Werdnig-Hoffmann syndrome, 314
Wermer syndrome, 316

type 1, 259
West Nile virus, blood transfusion, 625
Wheatstone bridge system, 32
Wilcoxon test, 679t
Williams-Beurin syndrome, 254
Williams syndrome

anesthetic management, 131, 530
anesthetic morbidity and 

mortality, 531
cardiovascular manifestations, 

115–116, 131–132, 168, 
187–188, 304, 530–531, 
531f, 551

chromosomal deletion, 304, 551
features, 168, 187, 188, 304, 

305, 551
incidence and mutation, 530
pathophysiology, 131, 132
sudden death from myocardial 

ischemia, 168
upper respiratory infections, 530

Wilms tumors, 248, 281, 283t
syndromes, 281
WAGR syndrome, 281, 310

Wiskott-Aldrich syndrome, 311
Withdrawal

baclofen, abrupt, 178, 196–197, 202
drug, neonatal, 321–322

Wolff-Parkinson-White syndrome, 162
wide complex tachycardia 

treatment, 162
Wong-Baker Faces Scale, 405, 415, 

644–646, 645f
Work of breathing, infant, 82
Wound healing, hypothermia, 36
Wound infection, hypothermia, 36

X
X-linked recessive enzymopathy, 271

Y
Y-piece, dead space, 35–36

Z
z-statistic, 667, 668
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