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We dedicate this edition of A Practice of Anesthesia for Infants and Children
to all physicians around the world who have the pleasure of caring for children in the
operating room, ICU, or other venues where anesthesia services are vital. In
particular, we especially thank all who take care of children and deliver the best
possible care with the resources available. Our specialty has grown exponentially in
the past 20 years. As a result of new licensing laws, medications are now more
thoroughly investigated before they are released for use in children. Ultrasound
technology has made regional anesthesia and invasive line insertion far safer than
in the past. The quality of airway devices continues to improve. Noninvasive
continuous cardiac output devices may provide the next generation of monitors to
safeguard the care of our children. Depth-of-anesthesia monitors also continue to
evolve, but currently are unreliable in young infants and children younger than
5 years. We hope that in the near future advances will ensure that these devices are
reliable in the infant and young child to both assess the depth of anesthesia as well as
differentiate moderate from deep sedation and deep sedation from general anesthesia.

We also dedicate this book to the children we work for every day. We would like
to assure the families we work with that their children are safe from harm.
Consequently, it is imperative that we investigate the possible harmful effects of
anesthetics on the developing brain in infants and children and determine if this is
a laboratory phenomenon or an issue that is potentially harmful to humans. If it
is the latter, then we must develop methods or new medications to block these
adverse effects so that children can continue to undergo anesthesia safely. Our
challenge in this next decade is to determine if the laboratory studies concerning
anesthetic agent toxicity are a tempest in a teacup or a real threat to our children.

This edition of A Practice of Anesthesia for Infants and Children highlights
key advances and questions in our specialty that we hope will continue to inspire
anesthesiologists worldwide.

Charles J. Coté
Jerrold Lerman
Brian J. Anderson
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A Practice of Anesthesia for Infants and Children, Fifth Edition, has
evolved from its predecessors. Jerrold Lerman joined as co-editor
in the previous edition, and we have greatly strengthened our
editorial team with the addition of Brian J. Anderson in this
edition. Dr. Anderson brings not only a further international
perspective to the editorship that reflects the mission of our text,
but also a specific expertise in pharmacology.

This book has blossomed from its humble beginnings as a
synopsis of local practice to an international authoritative and
evidence-based tome. In addition to pediatric anesthesiologists,
the list of contributors includes pediatric subspecialists, inter-
nists, two surgeons, and a lawyer. More than 20 of the pediatric
anesthesiologists are also board-certified pediatricians, and several
have subspecialty board certification in cardiology and neonatol-
ogy. The inclusion of 110 authors from 10 countries and six
continents speaks to the global nature of this edition.

In the fifth edition, we have exploited the advances in state-
of-the-art publishing, including Internet access. The book has the
same feel and style as the previous edition, divided into 10 color-
coded sections: Introduction, Drug and Fluid Therapy, The
Chest, The Heart, The Brain and Glands, The Abdomen, Other
Surgeries, Emergencies, Pain, and Special Topics. This format
enables the reader to find chapters and topics of interest easily
and quickly. To maintain a size similar to that of the previous
edition, we have again shifted all but a few select references from
each chapter to the accompanying Expert Consult website, with
hypertext links to the original publications. We also have com-
bined a few chapters. Color illustrations, photographs, and graph-
ics maximize clarity and enhance visual appeal; many new video
clips, figures, tables, and appendices also are available online.

In keeping with our mission to create a comprehensive text,
we have again sought contributions from a number of pediatric
subspecialists, who have shared their perspectives on and insights
into basic pediatric physiology and the pathophysiologic implica-
tions of diseases in children. In each case, these specialists have
been paired with a pediatric anesthesiologist to ensure the basic
science is intertwined with a practical clinical perspective.

The largest chapter of the book covers pharmacology and
includes more than 1900 references. As in previous editions,
the chapter has benefited from very significant contributions
from Dr. Anderson, who now has assumed the role of first
author. Written by all three editors, the chapter’s usefulness is
enhanced by including three different perspectives in pediatric
pharmacology. It includes older and less frequently used medica-
tions to address the wide range of practices used around the
world. Given the rapidly increasing interest in total intravenous
anesthesia (TIVA) in children, the TIVA chapter also now pro-
vides online computer simulations.

The pediatric airway chapter includes a more extensive discus-
sion of the numerous supraglottic devices as well as emergency
airway management strategies and equipment currently available
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for use in infants and children. This chapter has been enhanced
with online video clips. The transfusion chapter has been updated
with contributions from a pediatric hematologist specializing in
hemophilia and the director of the Blood Transfusion Service at
the Massachusetts General Hospital.

All of the chapters on specialized topics—including thoracic
anesthesia, orthopedics, plastic surgery, general and urologic sur-
geries; the cardiac chapters, including cardiopulmonary bypass,
medications used for hemostasis, cardiac assist devices, and the
cardiac catheterization laboratory; as well as the practice of anes-
thesia in medically disadvantaged countries—have been exten-
sively updated. In the section on the abdomen, the chapter on
organ transplantation remains the centerpiece.

Perhaps the most important addition is a chapter on anesthe-
sia and the developing brain. This topic remains a major concern
for pediatric anesthesiologists at the time of printing. The chap-
ters that address the extremely premature infant, the ex-utero
intrapartum treatment procedure and trauma, medical-legal
issues, and infectious diseases have been extensively revised.

The increasing importance of training residents to diagnose
and treat pain in children is highlighted in several chapters that
include an extensive discussion on pain scoring systems for
both “normal” and cognitively impaired children. Likewise, these
topics are covered at length in chapters devoted to landmark- and
ultrasound-guided regional anesthesia, also supplemented with
online video clips. A wholly new chapter addresses medical simu-
lation in children, with several demonstrative video clips on the
website. Further sophistication of medical simulation may ulti-
mately improve the safety of anesthesia.

Finally, the accompanying website has been greatly expanded
in audio-visual content to include myriad illustrations, figures,
video clips, and sample order forms. The addition of videos, in
particular, affords users the opportunity to view a hands-on
approach to procedures such as ultrasound- and landmark-guided
nerve blocks, catheter insertions, radiologic investigations, ultra-
sound procedures, and echocardiograms, as well as various levels
of sedation and analgesia. A pocket reference card also provides
general recommendations for dosages of commonly used medi-
cations by weight and other useful guides such as LMA sizes,
ETT sizes, and other quick references.

Undertaking this revision has been quite a journey, often
appearing to be a microcosm of the world and life in general.
Once again many of our contributors have experienced various
challenges, such as the loss of loved ones, personal crises, and
illnesses, during the writing of their chapters. Despite these obsta-
cles, the authors have succeeded in crafting masterful chapters to
create what we think is a state-of-the-art text on pediatric anes-
thesia. Furthermore, the entire text and e-only content is also
available for purchase as an eBook.

In assembling this edition, we have spent many days and
nights debating controversial issues. We think we have arrived
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at a middle ground that addresses the diversity of pediatric
anesthesia practice. It is our hope that these discussions, com-
bined with the global perspective offered by our contributing
authors, strengthen the quality of our text while showcasing the
diversity of our specialty.

We believe A Practice of Anesthesia for Infants and Children, Fifth
Edition, will continue to provide the basis for residency and

fellowship training in pediatric anesthesia, and be a valuable

resource to practicing pediatric anesthesiologists and other pedi-
atric care providers around the world.

Charles J. Coté, MD, FAAP, MA(Hon)

Jerrold Lerman, MD, FRCPC, FANZCA

Brian J. Anderson, MB, ChB, PhD, FANZCA, FCICM
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A Practice of Anesthesia for Infants and Children
CJ Coté MD, J Lerman MD, BJ Anderson MB ChB
Pocket Reference Guide

Note that the drug doses and management decisions presented are those that are commonly recommended; each child’s care must be individualized according to the
child’s underlying medical and surgical conditions. All drug doses should be double checked before administration so as to avoid errors.

RESUSCITATION

Oxygen ventilate with 100% oxygen

Epinephrine (Adrenaline) 1 ug/kg to treat hypotension 1V; 10 ug/kg IV for cardiac arrest; repeat every 3-5 minutes as needed

Atropine 20 pg/kg IV (for symptomatic bradycardia); maximum dose 1 mg for child and 2 mg for adolescent

Bicarbonate 1-2 mEqg/kg IV to be guided by blood gas analysis
10-20 mg/kg IV (0.1-0.2 mL/kg of a 10% solution)
30-60 mg/kg IV (0.3-0.6 mL/kg of a 10% solution)

100 pg/kg rapid IV bolus and flush (maximum 6 mg ); second dose 200 pg/kg (maximum 12 mg)*

Calcium Chloride

Calcium Gluconate

Adenosine (Adenocard)

Lidocaine 1 mg/kg IV then followed by 20-50 pg/kg/min by infusion pump

Amiodarone (Cordarone) 5 mg/kg IV, maximum 300 mg for ventricular fibrillation and/or ventricular tachycardia

Procainamide (Pronestyl) 5 to 15 mg/kg IV loading dose over 30-60 minutes, then 20-80 pg/kg/min by infusion pump. ECG monitoring

required. Caution: hypotension and prolonged QT interval may occur particularly when combined with amiodarone

Magnesium 25-50 mg/kg IV for Torsades de Pointes (maximum dose 2 grams)

*Reduce by half if administering through a central line or for patients who have had a heart transplant.

VASOACTIVE DRUGS
Note that all are administered by IV infusion pump; consider invasive arterial pressure monitoring

CARDIOVERSION/DEFIBRILLATION (EXTERNAL)

cardioversion For supraventricular/ventricular tachycardia

Dopamine

1-20 pg/kg/min; titrate to effect

Dobutamine

1-20 pg/kg/min; titrate to effect

Epinephrine (Adrenalin)

0.1-1 pg/kg/min; titrate to effect

Isoproterenol (Isuprel)

0.1-1 pg/kg/min; titrate to effect

Norepinephrine (Levophed)

0.1-1 pg/kg/min; titrate to effect

Phenylephrine (Neo-Synephrine)

0.1-1 pg/kg/min; titrate to effect

Milrinone (Primacor)

50-100 pg/kg loading dose followed by
0.25-1 pg/kg/min infusion

Nitroprusside (Nipride)

0.5-10 pg/kg/min; titrate to effect; observe for
signs of cyanide toxicity

Nitroglycerine (NitroQuick)

1-10 pg/kg/min; titrate to effect

0.5 joules/kg SYNCHRONOUS; repeat up
to 2 joules/kg

For ventricular fibrillation/ventricular
tachycardia 2 joulestkg ASYNCHRONOUS;
repeat up to 4 joules/kg

defibrillation

RULE OF SIXES

0.1 pg/kg/min = 0.6 mg/100 mL administered as body weight
(kg) in mL/hr

1 ug/kg/min = 6 mg/100 mL administered as body weight (kg)
in mL/hr

Prostaglandin E,

0.01-0.1 pg/kg/min (Note that apnea may occur
and intubation is often required with doses
>0.05 pg/kg/min)

Vasopressin (Pitressin)

0.0001 to 0.001 units/kg/min

ANAPHYLAXIS

10 pg/kg/min = 60 mg/100 mL administered as body weight (kg)
in mL/hr

20 ug/kg/min = 120 mg/100 mL administered as body weight
(kg) in mL/hr

HYPERKALEMIA TREATMENT

Search for cause, especially latex allergy; remove source if possible

Oxygen

Ventilate with 100% oxygen

Epinephrine
(Adrenaline)

1 uglkg IV to treat hypotension/bronchospasm;
repeat with increasing doses every 3-5 minutes as
needed; may need continuous infusion

Intervention

Dose

Calcium chloride

5-10 mg/kg/dose 1V; repeat until normal
sinus rhythm

Calcium gluconate

15-30 mg/kg/dose IV; repeat until
normal sinus rhythm

Fluid bolus

20 ml/kg balanced salt solution; repeat as necessary

Hyperventilation

Phenylephrine

0.1 pg/kg/min 1V; titrate to effect if inadequate

Albuterol (Ventolin, Proventil)

by inhalation administered with a spacer

(Neo-Synephrine) response to epinephrine P f
2-3 mg/kg IV
1-2 mg/kg IV

1.5 mglkg IV

5 pglkg IV over 15 minutes

glucose (0.5-1 g/kg) with insulin (0.1 U/
kg) given IV over 30-60 minutes

1 g/kg (up to 40 g) gdhr (PO, PR, per
gastric tube)

Hydrocortisone Glucose + insulin

Diphenhydramine

Ranitidine (Zantac) Kayexalate

LARYNGEAL MARK AIRWAY (CLASSIC) ETT SIZE (mm ID) DISTANCE OF
Weight Cuff Volume | Largest ETT that will Uncuffed Cuffed EI\';I:I\f:‘I;IrIII?HN é::lnl\:l)s
(kg) Size (mL) fit through LMA
Preterm 25
<5 1 4 3.5 uncuffed Preterm (<1000 6-7
(<15 kg) grams)
5-10 1.5 7 4 uncuffed
:"Ire;f;? ) 3 Preterm (<2000 7-9
10-20 2 10 4.5 uncuffed - 9 grams)
20-30 25 14 5 uncuffed Full-term 3 Full-term 10
30-50 3 20 6 cuffed t
5070 | 4 30 6 cuffed 1 year 4 335 1 year 11
70100 | 5 ) 7 cuffed Ziyears > 445 2 years 12
>2 years Age/d + 4 0.5-1.0 ~
>100 6 50 7 cuffed (or 4.5) smaller 16 years 18
than 220 years ~20-21
uncuffed
ETT*
*Assure leak with deflated cuff at 20-40 cm H,0 PIP.
LARYNGOSCOPE BLADES INDUCTION AGENTS DURATION OF E-CYLINDER
(APPROXIMATE SIZE) M Rectal OXYGEN SUPPLY
Wis- IV (mg/kg) | (mg/kg) | (mg/kg) Non-SI units S| units
Age Miller | Hipple | Macintosh Propofol 2-3 mglkg IV Time (in minutes) | Time (in
Preterm 0 (Diprivan) =1/3 x tank minutes) =
n R ] ~ pressure (pounds/ | tank pressure
FuII-tetrm 0 :(Keet:a:::)e 12 312 >10 square inch)/ (kPa)/(23 x
neonate - oxygen flow rate | oxygen flow
Term-2 years 1 1 Etomidate 0.2-0.3 (Umin) rate (L/min))
P o)
2-6 years 15 1-2 { -
6-10 years 7 NA 2 Thlopenta! 4-6 20-30
SOTEE Yor3 NA Yor3 Methohexital 1-3 20-30

NEUROMUSCULAR BLOCKING DRUGS

Succinylcholine
(Anectine)*

2-3 mglkg IV for <1 year; 1-2 mg/
kg IV; 4-5 mg/kg IM or 1-3 mg/kg
intralingual (submental) for >1 year

Rocuronium 0.3 mg/kg in neonates = ~30-45
(Zemuron) min, 0.6 mg/kg in children =

~30-45 min duration, 1.2 mg/kg in REVERSAL AGENTS/ANTAGONISTS

children for rapid sequence Lo A .

intubation = ~75 min duration Neostigmine (Prostigmin) 0.02-0.05 mg/kg + atropine 0.02 mg/kg or glycopyrrolate 0.01 mg/kg
7, 0.1 mg/kg IV Edrophonium (Enlon) 0.3-1 mg/kg + atropine 0.02 mg/kg or glycopyrrolate 0.01 mg/kg
(Norcuron) Sugammadex 2 mglkg for reversal of rocuronium

Pancuronium
(Pavulon)

0.05-0.1 mg/kg IV Physostigmine (Antilirium) 0.01-0.03 mg/kg followed by infusion 0.03 mg/kg/hr to treat

cholinergic syndrome

0.25-0.5 pg/kg, additional doses titrated to effect; up to 100 ug/kg

Cisatracurium 0.1 mg/kg IV neonates; 0.1-0.2 mg/ Naloxone (Narcan)

(Nimbex) kg older children (maximum 2 mg) may be needed for respiratory arrest; must observe
Atracurium 0.5 mg/kg IV child for recrudescence. May also give the effective dose IM to
(Tracrium) ' prevent recrudescence

Flumazenil (Romazicon) 10 ug/kg/dose, titrate to effect; must observe child for minimum of 2

* ) e
Pretreatment with anticholinergic recommended. hours after antagonism

ANALGESICS
Non-Opioids

Acetaminophen oral/rectal (Tylenol)
Acetaminophen IV (OFIRMEV) (Pro-Dafalgan)

Non-IV routes (Tylenol): 10-15 mg/kg PO every 4-6 hours or 30-40 mg/kg PR loading dose, then
20 mg/kg PR every 6 hours (maximum 75 mg/kg/24 hr)

IV routes: 15 mg/kg paracetamol IV every 6 hours or 30 mg/kg propacetamol every 6 hours
(with only 15 mg/kg of the prodrug in neonates)

Ibuprofen (Advil)

Ketorolac (Toradol)

10 mg/kg PO every- 6 hours (max 800 mg)

0.5 mg/kg up to 15 mg <50 kg; 0.5 mg/kg up to 30 mg >50 kg, IV, IM, PO every 6 hours

Ketamine (Ketalar) 0.25-1 mg/kg every 8-10 minutes IV as needed

Opioids

Codeine 0.5-1.5 mg/kg PO/IM every 6 hours
0.5-2 pglkg; greater doses up to 100 pug/kg for cardiac or other major cases
0.015 mg/kg IV every 3-4 hours

0.05-0.1 mg/kg IV every 3-4 hours (postoperative analgesia infusion 5-20 pg/kg/hr)

Fentanyl (Sublimaze)

Hydromorphone (Dilaudid)

Morphine

Remifentanil (Ultiva) 0.05-0.15 pg/kg/min (may need larger doses for brief periods); continuous infusion may cause

hypotension and bradycardia




OPIOID CONVERSION APPROXIMATIONS
Morphine (1 mg) is equivalent to:

SEDATIVES

Chloral hydrate 50-100 mg/kg maximum 2 grams in divided

IV (mg) PO (mg) doses (PO or PR)
Codeine ~12-13 ~20 D | idi 0.3-2 pg/kg loading dose infused over 10
Fentanyl (Sublimaze) ~0.01 (10 ug) ~0.02 (20 ug) (Precedex) minutes followed by 0.7 to 1 pg/kg/hr
Hydromorphone (Dilaudid) ~0.15 ~0.75 Pentobarbital 2 mglkg IV every 10 minutes up to 6 mg/kg
Oxycodone (OxyContin) ~2-3
Methadone ~1 ~15
Tramadol (Ultram) ~10 ~15
ANTIBIOTICS ANTIHISTAMINES
Antibiotic (IV)* 1st week 1-4 weeks >4 weeks IV (mg/kg) PO (mg/kg)
postnatal postnatal postnatal
(>2000 grams) Diphenhydramine (Benadryl) 1-1.25 1-15
Ampicillin 50 mg/kg 25-50 mg/kg 25-50 mg/kg Ranitidine (Zantac) 15 25
(Omrri;.)e.n) every 8 hours every 6 hours | every 4-6 hours Famotidine (Pepcid) 05 05
Ampicillin/ 25-37.5 mg/kg
Sulbactam every 6 hours
(UNASYN)
Cefotaxime 50 mg/kg 50 mg/kg 50 mg/kg every
(Claforan) every 8-12 every 6-8 6-8 hours
hours hours
Cefazolin (Ancef) 20 mg/kg 20 mg/kg 16-33 mg/kg
every 12 hours | every 8 hours | every 8 hours ANTIEMETICS
(up to 3 grams)
IV (mg/k PO (mg/k
Ceftriaxone 50 mg/kg 50-75 mg/kg 50-75 mg/kg (mg/kg) (mg/kg)
(Rocephin) every 24 hours | every 24 every 12-24 Dexamethasone 0.0625-0.15 (max 10-15 mg)
hours hours
. Metoclopramide (Reglan) | 0.15 0.15
Cefuroxime 25-50 mg/kg 25-50 mg/kg 25-50 mg/kg -
(Zinacef) every 12 hours every 12 every 8 hours Ondansetron (Zofran) 0.05-0.1 up to a maximum 0.1 up to
hours total dose of 4 mg 4mg
Clindamycin 5 mg/kg every 10 mg/kg 10 mg/kg every Tropisetron (Navoban) 0.1-0.2
(Cleocin) 8 hours every 8 hours 6-8 hours
Gentamicin'™* 4 mg/kg every 4 mg/kg 2-2.5 mglkg
24 hours every 24 every 8 hours
hours ANTICHOLINERGICS
Metronidazole 7.5 mg/kg 15 mg/kg 7.5 mg/kg IV (mg/kg) PO (mg/kg)
(Flagyl) every 12 hours every 12 every 6 hours
hours Atropine 0.02 (20 uglkg) 0.02-0.03
Nafcillin (Unipen) 25 mg/kg 25 mglkg 25-50 mg/kg Scopolamine 0.01 (10 pglkg)
every 8 hours every 6 hours every 6 hours T = 007 (10 uak
Piperacillin/ 37.5-75 mglkg PETEIES 01 (10 ngkg)
Tazobactam (Zosyn) every 6 hours
Ticarcillin 75 mg every 50-75 mg/kg 33-50 mg/kg
(Timentin) 8 hours every 6 hours every 4 hours DIURETICS
Vancomycin 15 mglkg 15 mg/kg 10-15 mg/kg

(Vancocin)'® every 12 hours every 8 hours every 8 hours

*For preterm infants, check with pharmacy.

Monitoring blood levels recommended.

#0-4 weeks, <1200 g, 2.5 mg/kg every 18-24 hours; <1000 g 3.5 mg/kg every
24 hours.

$Should generally be administered by infusion pump over 60 minutes.

Chlorothiazide (Diuril) 10-15 mg/kg PO every 12 hours

Furosemide (Lasix) 1-2 mg/kg/dose PO/IM/IV

Spironolactone (Aldactone) | 1 mg/kg PO every 8-12 hours

ANTIHYPERTENSIVES
Adrenergic Dose
receptor
Captopril 0.05-0.25 mg/kg every 6 hours PO or NG
(Capoten)
Hydralazine 0.1-0.2 mg/kg IM/IV every 4-6 hours
Esmolol B1 100-500 pgrkg IV over 1-5 minutes;
(Brevibloc) 50-100 pug/kg by infusion pump up to
300 pg/kg/min
Labetalol ol,B1,and 0.1-0.4 mg/kg IV every 5-10 minutes until
(Trandate) B2 desired effect
Atenolol B1 1-2 mg/kg/day PO up to 3 mg/kg in single
(Tenormin) or divided doses until desired effect
Propranolol B1andp2 0.05-0.1 mg/kg/ dose IV every 10
(Inderal) minutes; titrate to effect; maximum single

dose 10 mg; hypotension may occur in
infants; (1-2 mg/kg PO every 6 hours)

Mannitol 0.25-0.5 g/kg IV (slowly to avoid hypotension)
TRANSFUSION SHORT CUTS

Whole blood 6 mL/kg Increases hemoglobin 1 g/dL
PRBCs 4 mlkg Increases hemoglobin by 1 g/dL
Platelets 5-10 mL/kg increases platelet count by

50,000-100,000/mm?
Fresh Frozen 10-15 ml/kg Factor levels increase by
Plasma ~15-20 percent
Cryoprecipitate 1-2 units/kg Increases fibrinogen by

~ 60-100 mg/dL

SPECIAL PROBLEMS

Diabetes Insipidus

Dilute polyuria (urine osmolality <250 mOsm/L, >2 mL/kg/hr), hypernatremia
(sodium >145 mEq/L) with serum hyperosmolality (~300 mOsm/L)

Nitroprusside
(Nipride)&
Nitroglycerin
(NitroQuick)
(See above)

0.5-10 pg/kg/min by infusion pump;
titrate to effect; may cause precipitous
decrease in blood pressure; arterial line
recommended

LOCAL ANESTHETICS (VOLUME ADJUSTED
FOR NERVE BLOCKS)

Conversion from percent to mg/mL: concentration (percent)
x 10 = mg/mL

DDAVP (desmopressin) 1-10 mU/kg/hr (0.0025-0.025 pg/kg/hr), titrate to effect
(4ug=1610)

von Willebrand Disease (VWD)
Desmopressin (DDAVP) 0.3 ug/kg IV once 30 minutes preoperatively

Amicar 100 mg/kg IV or PO 1 hour preoperatively, then every 4-6 hours
depending on the type of VWD

SBE REGIMEN FOR DENTAL SURGERY

Route Antibiotic dose

Oral Amoxicillin 50 mg/kg PO

IV (unable to take oral
medication)

Ampicillin, Cefazolin or Ceftriaxone
50 mgrkg IV

Oral (allergy to penicillins) Cephalexin 50 mg/kg or Clindamycin
20 mg/kg or Azithromycin 15 mg/kg

PO

With epinephrine
Maximum doses Plain mg/kg (1:200,000) mg/kg
Lidocaine 5 7
Bupivacaine 25 3
Levobupivacaine 25 3
Ropivacaine 25 3

MIDAZOLAM DOSING ACCORDING TO ROUTE OF
ADMINISTRATION (APPROXIMATE EQUIVALENCE)

IV (allergy to penicillins
and unable to take oral
medication)

Cefazolin or ceftriaxone 50 mg/kg or
clindamycin 20 mg/kg IV

For complete listing of SBE indications for other surgeries/procedures, see www.
utoronto.ca/kids/she.htm

MIDAZOLAM
Onset Peak effect NORMAL HEMODYNAMIC INDICES AND WEIGHT
Route mg/kg (minutes) (minutes) Mean systolic blood pressure (mm Hg) in preterm and term infants
Intravenous 0.05-0.15 immediate 35 Gestational
Intramuscular 0.1-0.2 35 10-20 age at birth Day 1 of life Day 10 of life
Orogastric 0.25-0.75 5-15 10-30 24 4 52
Nasal 0.1-0.2 35 10-15 28 44 62
Rectal 0.75-1 5-10 10-30 32 50 69
36 56 76
40 63 83
KETAMINE DOSING ACCORDING hel.'\allrﬁl;te Vy:r"g:t
TO ROUTE OF ADMINISTRATION Normal blood (beats/ 10th-90th
Route mg/kg Age pressure (mm Hg) minute) percentile
Intravenous 1-2 Mean Mean
Intramuscular 2-10 systolic | diastolic
Oral 3-6 Preterm 55-75 35-45 120-170
Nasal 2-4 0-3 months 65-85 45-55 100-150 2.5-75
Rectal 5-10 3-6 months 70-90 50-65 90-120 4.8-95
6-12 months 80-100 55-65 80-120 6.5-12.5
1-3 years 90-105 55-70 70-110 8.75-17
FLUID AND BLOOD 3-6 years 95-110 60-75 65-110 15.5-25
Maintenance Fluids (balanced salt solution) 6-12 years 100-120 60-75 60-95 17-55
12-20 years 110-135 60-75 55-85 30-86

For neonates and infants <6 months: 4 mL/kg/hour first 10 kg, 2 mL/kg/hour
10-20 kg, 1 mL/hour for each kg above 20

Perioperatively for infants and children >6 months: 10-40 mL/kg over 1-4 hours

Simple formula to predict weight from age:
<8 years: weight (kg) = 2 x age + 9
>8 years: weight (kg) = 3 x age

BLOOD PRODUCTS

EBV x (child’s hematocrit — minimum accepted hematocrit)

MABL =
Child's hematocrit

700x(42-25) _ 700x17
42

MABL = =285mL

e.g., 10-kg child with a hematocrit of 42% who could be hemodiluted to a hematocrit of ~25%

(assuming EBV = ~ 70 mL/kg)

EBV, Estimated blood volume; MABL, maximal allowable blood loss.

PRBC TRANSFUSION

Volume of PRBCs =
(desired Hct — present Hct) x estimated blood volume (70 mL/kg x 10 kg)
Hematocrit of PRCBs
_(35-23)x(70x10)
- 60

=140mLPRBCs

(35-23)x(70x10) _12x700
60 T 60
=~140mLPRBCs
e.g., a 10-kg child with a hematocrit of 23 who you wish to
transfuse to a hematocrit of 35

Volume of PRBCs to be transfused =
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IN THIS CHAPTER WE outline the basis of our collective practice of
pediatric anesthesia. These basic principles of practice can be
applied regardless of the circumstances; they provide the founda-
tion for safe anesthesia.

Preoperative Evaluation and Management

PARENTS AND CHILD

Anesthesiologists must assume an active role in the preoperative
assessment of children. Ideally, the anesthesiologist performing
the preoperative evaluation will also anesthetize the child. A
complete medical and surgical history; family history; medical
record review; evaluation and review of laboratory, radiologic,
and other investigations; and physical examination are performed
on every child who is to be anesthetized (see Chapter 4). When
appropriate, the child should receive preoperative medical
therapy to optimize his or her medical condition or conditions
(e.g., children with seizure disorders or reactive airway disease)
before receiving anesthesia. In addition, the emotional state of
the child and family must be considered and appropriate psycho-
logical and, if necessary, pharmacologic support provided. The
anesthesia team, working in concert with surgical colleagues,
nursing, and child-life specialists, should find appropriate and
creative techniques (e.g., use of videotapes, booklets, hospital
tours, and trained paramedical personnel) to prepare the child
and family. The marked increase in the number of outpatient
surgical procedures has reduced the time available for interaction
among the anesthesiologist, the family, and the child. Despite
this reduced contact time, these support techniques should not
be neglected.

Familiarity with a child’s clinical and psychological status as
well as the parental concerns is essential to delivering quality
anesthesia care. To achieve the very best outcome for each child,
it is essential to meet with the child and the parents (or caregiver
or legal guardian) together and establish rapport preoperatively.
There are many developmental issues that surround the hospital
experience: for example, teenagers fear loss of control, awareness,
and pain; younger children fear mutilation from their surgery;
and toddlers fear separation from their parents (see Chapter 3).
However, for children who are old enough to understand (usually
age 5 years and older), it is reasonable to explain in simple terms
what anesthesia involves and what will transpire on entering the
operating room. It is vital to speak directly to the child because
he or she is the person having the surgery. Children at the age
of reason have the same fears as adults, but have greater difficulty
articulating them. It is important to explain the differences
between “sleep” from anesthesia medicine and the sleep they get
at home. Even if they undergo anesthesia for hours, they will feel
as if they were unconscious for only the time it takes to blink
the eyelids once. Many children are also fearful of awakening
during the surgery and others are fearful of not awakening at the
end of surgery. Children require reassurance that they will not feel
anything during surgery, that they will not wake up during the procedure,
and that they will awaken at the conclusion of the surgery.

The possibility of postoperative pain and the relief the child
will receive in the form of nerve blocks and analgesics must be
clearly presented to the child and the parents. It is also important
to explain to the child and the family what they can anticipate
on entering the operating room and to explain the special moni-
toring you, as the anesthesiologist, will provide for the child. A
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simple explanation of the monitors can be very reassuring to
parents and interesting for many children. For example, the pulse
oximeter can be described as a “Band-Aid—like device” that lights
up red and measures the oxygen in the bloodstream during
anesthesia and recovery; the blood pressure cuff can be character-
ized as an “arm hugger” or “muscle tester”; and the electrocardio-
gram leads can be called “Little sticky things that don’t burt so we can
waich the heart beat.” Simple descriptions of the measurements
may also be soothing. For example, you can say: “We measure the
oxygen you (your child) are (is) breathing, we measure the amount of the
anesthesia medicines you (your child) are (is) breathing, and we measure
the carbon dioxide you (your child) are (is) breathing so as to ensure that
your (your child’s) breathing is just right throughout the anesthesia.”
Sometimes asking teenagers if they have studied carbon dioxide
in school science class helps them to better understand the moni-
tors and provides reassurance, as well as making it more interest-
ing. The detail with which this is presented will vary from family
to family and child to child as well as with the anesthesiologist’s
understanding of the needs of the child and family. By the end
of the interview, however, the child and the parents should
understand that you will be providing the quality of care that
ensures the child’s safety during anesthesia, thus reducing the
child’s and parents’ anxiety. Explanation is also needed to
describe how anesthesia will be induced, although the degree of
detail used will again depend on the developmental level of the
child. For young children, one can describe a plan to breathe

“laughing gas” through a flavored mask, with a flavor that he or

she chooses. Older children can be given the option of an intra-

venous (IV) induction, with nitrous oxide by mask to establish

IV access painlessly; or if they are afraid of needles, they might

be given the option of an inhalational induction.

If parents are to be present during induction, it is essential to
describe to them how they can assist in comforting the child and
prepare them for what they might observe and experience to
avoid any misconceptions. Parents should not be pressured into
feeling that they must be present for induction. It must be clear
that, if at any time during the induction there is a new or addi-
tional risk to the child, they may be asked to leave the operating
room and will be escorted to the parent waiting room. Remind
them that their presence at induction is for their child’s benefit
and is a privilege, not a right. Thus, if there are issues with a
difficult airway, if a rapid induction of anesthesia is needed, or
if the child is very young, it would be inappropriate for the
parents to be present and not in the child’s best interest for physi-
cians and nurses to be distracted at a time when everyone’s
attention needs to be focused on the child.

It is helpful and essential to explain to the parents specific
changes in the child that might be observed at the time of anes-
thetic induction:

1. As your child is anesthetized, the eyes may roll up: “You might
see your child’s eyes roll up and this is completely normal and happens
to all of us when we fall asleep; it is just that we are not looking
Sorit.”

2. As people fall asleep they ofien make snoring noises and other
noises from their throat; if your child does this it is completely
normal.”

3. s the anesthetic reaches the brain, the brain sometimes gets excited
and causes movement of the arms and legs that are without purpose,
or it may cause them to turn their head from side to side. This means
the anesthetic is having its effect and even though your child appears
to be partly awake, he (or she) has recerved enough anesthesia to ensure
that be (or she) does not remember this.”

4. “Ifyour child becomes frightened, we will increase the amount of the
anesthesia medicine rapidly and calm your child as quickly as
possible.”

5. If the child is to have an IV induction, then informing the
parents that the child might suddenly look pale and that the
start of anesthesia will be very rapid is also helpful so as to
avoid confusion about what the parents will observe.

These preemptive explanations are important to undermine
the parents’ anxiety at a time when you need to focus on the
child. It is common for parents to decline to be present during
induction once they hear these explanations. Finally, it is prudent
to reassure the parents that for surgeries that are emetogenic and
in children who have been or are prone to emesis, that appropri-
ate prophylactic therapy will be administered before the child
recovers. Similarly, explain to them that if pain is anticipated, it
will be managed aggressively in the operating room and in the
recovery room. Anesthesiologists can provide valuable assistance
in this respect because of their knowledge of the pharmacology
of sedative and opioid medications (see Chapter 6), as well as
their ability to perform neuraxial and peripheral nerve blocks (see
Chapters 41 to 43). The possible need for postoperative intensive
care, including assisted ventilation, should be anticipated and
fully discussed with the parents and child (if the child is of an
appropriate age). If special monitoring is required in the operat-
ing room or postoperatively, this should be explained and the
child assured that the IV catheters, airway devices, and all inva-
sive monitoring devices will be placed after induction of anes-
thesia to avoid causing discomfort and will be removed as soon
as the child’s postoperative condition permits.

The anesthesiologist who sits down, who speaks slowly and
clearly while answering questions, and who is neither distracted
nor in a rush to leave, presents a very different image to the child
and parents from the anesthesiologist who stands tapping his or
her toes, speaks quickly, and has one foot pointed toward the
door. Details regarding the anesthetic should not be recited in a
cold and technical manner, but rather with communication that
addresses the parents’ and the child’s questions and concerns.
This dialogue is frequently afforded too little time, leaving the
parents and child insecure and apprehensive, their questions
unanswered. Body language is especially important during this
preoperative interview. If the family speaks a different language
than the anesthesiologist, then a medical interpreter should be
sought.

THE ANESTHESIOLOGIST

Anesthesiologists must fully understand the proposed surgical or
investigative procedure to facilitate the planning of an appropri-
ate level of monitoring and selection of anesthetic drugs and
technique. The anesthesiologist must anticipate the needs of the
surgeon or proceduralist in terms of positioning the child, the
need for or avoidance of muscle relaxants, considerations regard-
ing specific procedures (e.g., the surgeon’s need for motor and
sensory evoked potentials may influence choices of anesthetic
technique), IV fluid and blood product management (see Chap-
ters 8 and 10), as well as the need for strategies to alleviate
perioperative pain and anxiety. For complex cases, the anesthesi-
ologist and surgeon should formulate a plan preoperatively and
explain the plan to the parents and child. All important medical
issues that require clarification should be investigated during the
preoperative evaluation and planning process. It is useful to
discuss your concerns with the appropriate medical consultants
(e.g., the neurologist for the management of seizure medications



in the perioperative period, the hematologist for the child with
hemophilia, and others as indicated). To maximize the benefit
from these consultations, it is important to focus on the specific
anesthetic or medical issue of concern. Consultant recommenda-
tions must be carefully reviewed and should reflect the consul-
tant’s understanding of the anesthesia process and what it is that
you require regarding the child’s medical condition that will
assist you in the delivery of anesthesia (see Chapters 11, 14, 22,
25, 26, and 28).

All children should be fasted preoperatively. Infants must
receive special consideration; prolonged abstinence may lead to
dehydration or hypoglycemia (see Chapters 4 and 8). Children
may surreptitiously circumvent the preoperative fasting orders,
especially if the period of fasting is prolonged or other children
in the vicinity are in possession of food. One must always be
prepared for the possibility of a full stomach and its sequelae.
For example, the risk of pulmonary aspiration of gastric contents
is increased in some children (e.g., who are obese and who had
previous esophageal surgery, difficult intubation, or hiatal hernia).
In these children, the anesthetic management should be modified
to minimize the risk of regurgitation and aspiration. Preoperative
consideration must be given to proper psychological support,
appropriate premedication, and the timing of the premedication
(see Chapters 3 and 4). Psychological support of the child and
parents must never be neglected, no matter how calm they might
appear. Premedication may be administered on the ward or in
the waiting area; however, once any medication is administered,
the child must be observed for compromise in cardiopulmonary
function. If the child is premedicated on the ward, transport to
the operating room must be undertaken with caution and with
appropriate monitoring. A critically ill child must be accompa-
nied by skilled staff who will ensure continued infusion of vaso-
active medications and who are skilled in the management of any
emergencies that could arise during transport (see Chapter 38).
In some, premedication may be omitted because of the critical
nature of a child’s illness or because a child is especially
cooperative.

Informed Consent

The benefits and risks of the anesthetic procedure must be pre-
sented in clear, easily understood terms. At the same time, it is
important not to present this in a manner that unduly frightens
the child or parents. The details of such a presentation will
depend, in part, on the severity of the underlying medical and
surgical conditions and how these affect anesthetic management
and the planned procedure. Thus, risk can be presented in general
terms, such as:

u “The risks of anesthesia are generally proportional to the health of the
child. For example, if a child has a heart, lung, or kidney disorder,
elc., then the risk from anesthesia is increased. In your child’s case
these are our concerns” (and then elaborate the particular
patient’s issues, such as reactive airway disease, apnea of pre-
maturity, etc.). “Knowing these problems abead of time may reduce
the anesthetic risk for your child becanse we can modify our anesthetic
prescription according to your child’s specific needs. However, there is
always the possibility of allergic or unusual responses to anesthetic
medications that we cannot predict, and that is why I shall carefully
observe and monitor your child as I have described.”

We are designing the “anesthetic prescription” specifically for
the particular needs of their child, and this notion should be
described exactly this way to the parents. We are physicians and
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not technicians, and just as the pediatrician writes a prescription
for antibiotics, anesthesiologists write the treatment prescription
for anesthesia and administer it.

If a child is critically ill or has a disease process that is an
immediate threat to his or her life, then this must be explained
to the family. If a parent asks about the mortality risk, then all
one can say is that the mortality related to anesthesia in most
advanced countries is very small, less risky than crossing a busy
thoroughfare on foot. Statistically, the incidence varies from one
in several hundred thousand for healthy children undergoing
routine procedures to a much greater rate for those who are criti-
cally ill. Nonetheless, the mortality for any specific child cannot
be predicted with certainty. Recent concerns regarding possible
anesthetic agent-induced neurotoxicity (see Chapter 23) has
become a common question from parents of neonates or tod-
dlers. Again, reassurance regarding the lack of substantive human
data, the importance of our monitors, and our experience will
help allay their concerns.

Operating Room and Monitoring

For the anesthesiologist to successfully carry out a proposed
anesthetic plan, the child’s medical record must be examined
for pertinent information before induction of anesthesia. For
children who have already been assessed preoperatively, the
record should be reviewed again for new information that may
have been added since the initial evaluation. It is most important
that the child’s identification bracelet is checked, especially if
the anesthetizing team is different from the preoperative evalu-
ation team. A “time-out” and checklist for nurses, surgeon, and
anesthesiologist to confirm the child’s name, the planned surgi-
cal procedure, and the site of the surgical procedure (right or
left side or bilateral); airway concerns; the need for prophylactic
antibiotics; allergies and anaphylaxis; and availability of special
equipment and large IV access are also reviewed. This review
constitutes a vital safety net that we provide in the operating
room (Fig. 1-1). All equipment for induction and maintenance
of anesthesia, including suction and all necessary monitoring
devices, must be functioning and reliable (see Chapter 51).
Equipment must be checked by the anesthesia team before induction of
anesthesia.

The monitoring should be appropriate for the child’s clinical
condition and surgical procedure. In every situation, basic moni-
toring is essential; to this are added special monitoring devices
as they become necessary. The basic monitors are the anesthe-
siologist’s eyes, ears, and hands, which confer the ability to
observe a child’s color and chest movements, to listen for heart
tones and breath sounds, and to palpate the arterial pulse and
temperature of the skin. A precordial or esophageal stethoscope
is a very useful and simple device that allows constant assess-
ment of heart tones and the quality of breath sounds even when
our attention is focused away from physiologic monitors. All
children, except those undergoing the briefest noninvasive pro-
cedures, should have IV access to allow for fluid administration
and to provide a route for rapid and predictable drug adminis-
tration. If IV access is already in place, it is essential to ensure
its functionality and size before anesthesia is induced. Fluid
replacement with balanced salt solution is particularly important
in children who have undergone prolonged fasting or who have
ongoing third-space losses, although glucose-containing solu-
tions may be preferable under specific circumstances (see
Chapter 8). Continuous monitoring of the electrocardiogram,
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FIGURE 1-1 WHO Surgical Safety Checklist. (From World Health Organization, Geneva, 2009. Available from: http://www.who.int/patientsafety/

safesurgery/en/)

temperature, inspired oxygen concentration, oxygen saturation,
expired carbon dioxide, and intermittent blood pressure deter-
mination are considered routine. Expired carbon dioxide moni-
tors (especially those that display the waveform) and pulse
oximetry are extremely important in the early detection of poten-
tial anesthetic-related events that, if undetected, could result in
serious morbidity or mortality. Identifying the anesthetic agent
and monitoring its concentration breath by breath is also helpful
but not mandatory. The role of wakefulness-monitoring devices
in children remains unestablished, especially in children who
are younger than 2 years of age (see Chapters 6 and 51). Near
infrared spectroscopy is being used increasingly during cardiac
surgery; it provides a useful monitor of cerebral (i.e., organ)
oxygenation.

Invasive hemodynamic monitoring (e.g., direct arterial blood
pressure, central venous pressure) may be required for major
surgery if extensive blood loss or major fluid shifts are antici-
pated, or if a child is medically unstable. Urine output provides
indirect data of the intravascular volume and organ perfusion in
the presence of normal renal function. Monitoring urinary
output is particularly useful for prolonged operations, for proce-
dures involving major blood loss, when there is the potential for
rapid or massive blood loss, when wide variations in blood pres-
sure and fluid balance can be anticipated, or during induced
hypotensive anesthesia. I general, if a particular variable would be
monitored in an adult, then the same approach should be adopted for
a child.

Invasive monitoring procedures are sometimes forsaken in a
child because inexperience with pediatric techniques causes the
anesthesiologist to dismiss these procedures as being “excessive.”
These monitors, however, allow the accurate measurement of
blood pressure, cardiac output, filling pressures, and cardiac and
pulmonary function. In turn, they provide a safe mechanism for
assessing the response to pharmacologic interventions, as well as
the responses to administration of blood products, fluids, and
vasoactive medications (see Chapter 48).

A cautionary note: With increased sophistication in monitor-
ing, anesthesiologists have become more distanced than ever
from their patients. Relying totally on mechanical monitoring
devices to detect clinical abnormalities is dangerous. The focus
must always be on the child and the surgical field. Monitors may fail,
and if the anesthesiologist focuses attention on the monitor in an effort to
interpret it, rather than attending directly to the child, the child may sufer.
This is the reason that a precordial stethoscope is so useful; strong
heart sounds in the face of failed monitors provides some degree
of assurance that the child is not in severe trouble. Disabling
monitor alarms for an extended period of time is a serious breach of safety
and practice standards. One of the editors knows of a child for
whom all monitor alarms and sounds were disabled during anes-
thesia, who was discovered dead at the conclusion of the proce-
dure after an unrecognized, unintended tracheal extubation.
Most importantly, the tone of the pulse oximeter should be
audible by everyone in the operating room to detect decreasing
oxygen saturation.



Induction and Maintenance of Anesthesia

Significant differences in the physiology and behavior of a child,
especially a neonate, in comparison with an adult, mandate that
the anesthesiologist not consider a child merely a small adult. In
an infant, the rate of uptake of inhalation anesthetic agents is
more rapid than in an adult. An infant’s response to most oral
and IV medications is also different; therefore, if changes need
to be made, the inspired concentration of an inhalation agent
should be adjusted more gradually and the doses of medication
diluted and titrated more carefully than in older children and
adults (see Chapter 6).

In principle, the approach to an anesthetic procedure in a
child is similar to that in an adult. In practice, however, it is often
advisable to modify the sequence of application of monitoring
devices. In a relatively stable child, induction of anesthesia may
proceed with only a pulse oximeter and possibly a precordial
stethoscope, while the remaining monitors are applied after
induction. This sequence often avoids a prolonged preparation
phase during which a child may have more time to become
anxious and distressed. In critically ill children, however, omit-
ting some monitors in order to avoid upsetting them is impru-
dent, especially if it compromises the child’s well-being during
anesthesia. In a struggling, upset child, some monitors may
display accurate measurements before induction of anesthesia,
whereas others do not. The pulse oximeter may not provide reli-
able measurements in a struggling child until the finger or toe is
relaxed.

Clinical Monitors

In children as in adults, monitoring begins with the basic observa-
tions of a child’s general condition: the heart rate, blood pressure,
respirations, and temperature. The most important aspect of
basic monitoring consists of using the senses of sight, hearing,
and touch to integrate all the data provided by patient observa-
tions and the monitors.

SIGHT

Constantly observing a child’s chest excursions (depth and sym-
metry), the color of the nail beds, oral mucosa, and capillary refill
provides vital information about the adequacy of ventilation and
perfusion. Observation of the surgical field provides an immedi-
ate indication of the extent of fluid shifts and blood loss, the
color of the blood in the surgical field, evidence of muscle relax-
ation, depth of anesthesia, and various physiologic problems that
may occur during the surgery (e.g., surgical retraction causing
venous obstruction).

HEARING

Constantly listening to the pitch of the pulse oximeter as well as
the heart tones and breath sounds through a precordial or esoph-
ageal stethoscope provides instant and continuous feedback
about oxygenation (pulse oximeter), heart rate and rhythm, an
impression of the cardiac output (changes in intensity of heart
sounds), and the adequacy of ventilation (wheezing, stridor,
laryngeal spasm, no air exchange). This information is particularly
helpful in diagnosing arrhythmias, hypovolemia, anesthetic over-
dose, and airway obstruction. It may also be helpful to listen to
the sounds of surgery, such as the sudden change in the noise of
the suction device with rapid blood loss or the surgeon’s com-
ments regarding technical difficulties with the procedure.
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TOUCH

Intermittently examining a child—especially palpating peripheral
pulses and the skin—provides information that may confirm the
auditory input about heart rate, cardiac output, blood pressure,
perfusion, and temperature.

Airway and Ventilation

The most important consideration in the safe practice of pediatric
anesthesia is attention to the adequacy of the airway. Airway
obstruction occurs readily because of the unique characteristics
of the infant and child airway (see Chapter 12). Thus the anes-
thesiologist must maintain constant vigilance of the airway to
ensure that it remains clear at all times. Airway obstruction may
lead to hypoventilation, although the causes of hypoventilation
may be central (opioids or inhalation agents) or peripheral (muscle
relaxants) in origin. Thus anesthesiologists must always place
emphasis and attention on constantly monitoring the adequacy
of ventilation, particularly when administering anesthesia via a
facemask. This is necessary because the expired carbon dioxide
tension may underestimate the true carbon dioxide tension as
a result of a poor mask fit with air leaks, in combination with
an obstructed airway. The capnogram is usually very accurate
during mask anesthesia with a circle breathing circuit. Failure to
detect an appropriate end-tidal carbon dioxide tension suggests
inadequate ventilation, a mask leak, or reduced pulmonary blood
flow, with the result that the child’s condition may deteriorate
from lack of an adequate airway or dilution of the anesthetic
gas concentrations.

Although it is desirable to optimize ventilation by maintain-
ing an arterial carbon dioxide pressure within the normal range
(35 to 45 mm Hg), most healthy infants and children are not
harmed by mild to moderate overventilation; however, severe
underventilation has more serious implications.

Constantly monitoring the inspired concentration of oxygen,
the expired concentration of carbon dioxide, and the oxygen
saturation is a valuable adjunct to the senses of sight, hearing, and
touch. Failure to ventilate adequately is probably the most important
Sfactor in the morbidity and mortality of children undergoing anesthesia.

Fluids and Perfusion

Appropriate intraoperative fluid management is especially impor-
tant in infants and children. Because of the relatively small blood
volumes of infants and children, hypovolemia may develop
rapidly after what may appear to be a trivial amount of blood loss.
Fluid shifts may occur in infants because they were fasted for a
prolonged period preoperatively. Replacement of lost blood and
basic fluid administration must be carefully titrated (using rate-
limiting devices), because overhydration readily occurs. The anes-
thesiologist should have a clear plan for the type and volume of
fluid for perioperative administration. Preoperative calculation of
maintenance, deficit, and potential third-space losses helps in
formulating this fluid management plan, although for children
beyond 1 year of age, the fluid replacement strategy has been
greatly simplified. A well-planned outline results in a rational and
safe approach both to fluid maintenance and to correction of fluid
deficit and losses (see Chapters 8 and 10). The anesthesiologist
should have immediate access to indwelling IV cannulae; obstruc-
tions in the line, loose connections, disconnections, or interstitial
cannulae result in children not receiving intended fluid therapy
or medications, sometimes with disastrous consequences.
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Conduct of the Anesthesia Team

The anesthesiologist must concentrate exclusively on the child
and the monitors throughout the procedure. The child’s safety
is in his or her hands, and any inattention may place the child’s
life in jeopardy. Should members of the anesthesia team need to
replace each other during the anesthetic procedure, it is essential
that the “baton of responsibility” be passed in a smooth and
coordinated manner. A clear dialogue between team members
must be established about the nature of the surgery, the child’s
underlying conditions, anesthetic agents and other medications,
fluid and blood product management, and any problems that
have developed during the anesthetic procedure. Drugs on the
anesthesia machine must be clearly labeled by name and dosage.
For infants, dilution of drugs or the use of tuberculin syringes
may improve the safety of drug administration by limiting the
amount of drug in each syringe and allowing more accurate dose
administration, although a disproportionate amount of the small
volumes of a drug—as in the case of undiluted drugs administered
from a tuberculin syringe—may be trapped in the dead space of
claves and/or stopcocks, resulting in an underdosing of the drug.

Ongoing communication between the anesthesiologist and
surgeon is important if the anesthesiologist is to anticipate poten-
tial changes in a child’s physiologic status due to surgical manipu-
lations, and deal with them immediately, appropriately, and
effectively.

The conclusion of an anesthetic procedure is fraught with
potential problems. The anesthesiologist should not be left alone
in the operating room without a nurse or other physician, nor
should he or she relax vigilance while a child is awakening and
being transferred to the recovery room or intensive care unit. It
is during this stage that airway obstruction, desaturation, vomit-
ing and aspiration, and excitement are likely to occur.

Records of an anesthetic procedure must be accurate and
complete; however, anesthesiologists must avoid the compulsion
to complete these during the procedure if a child’s condition
warrants special attention.

The Postanesthesia Care Unit

The anesthesiologist’s responsibility to a child continues into the
postanesthesia care unit (PACU). Transport to the PACU must
be carried out with appropriate monitoring, attention to a clear
airway, and adequate ventilation, oxygenation, and perfusion. If
necessary, battery-powered infusion pumps should be used to
maintain accurate infusions of vasoactive drugs. If needed,
oxygen should be administered by facemask. Alternately, oxygen
saturation may be monitored during transport; administering
oxygen and monitoring pulse oximetry may give misleading
information regarding the adequacy of ventilation. Oxygen
should be available during transport. For children who are not
yet fully awake, transport in the “tonsil position” or “recovery
position” (lateral decubitus position) rather than the common

practice of transport in the supine position is recommended so
that, should vomiting occur, it will flow away from the larynx
and will be seen immediately. In general, oxygen should be
administered to children who have not yet awakened. The mask
should be observed for condensation with each breath to assess
the respiratory rate as well as gas movement with respiration.

On arrival in the PACU, a clear summary of the medical and
surgical problems of the child; important intraoperative events;
timing of antibiotics, analgesics, local anesthetics, or nerve
blocks; and details of the anesthetic procedure are given to the
PACU personnel. The PACU must be equipped with age- and
size-appropriate resuscitation equipment. Vital signs (oxygen
saturation, heart rate, blood pressure, respirations, temperature,
and pain score) should be recorded on admission to the PACU
and at appropriate intervals during the child’s stay (see Chapter
46). If appropriate, specific instructions should be given relating
to fluid management; the administration of oxygen, analgesics,
antiemetics, and other medications; blood tests (e.g., hematocrit,
blood gases, electrolytes, and coagulation profile); and radio-
graphs. Once the anesthesiologist is certain that the child is stable
from a cardiopulmonary standpoint and that all vital information
has been provided to the PACU staff, the anesthesiologist should
inform the parents that the child has arrived safely in the PACU,
provide them with a summary of the anesthetic procedure, and
then proceed to the next case. If the child requires special atten-
tion (airway issues, hypotension, possible ongoing blood loss,
etc.) in the PACU, then the anesthesiologist should reassess the
child personally before the child is discharged.

Postoperative Visit

If the child has been admitted to the hospital for more than an
overnight observation, it is good practice to visit the child and
family postoperatively to assess the postanesthetic clinical course
and discuss the child’s reaction to the anesthetic. A note docu-
menting the visit should also be inserted into the child’s record.
All too often the anesthesiologist appears only preoperatively and
is never seen again by the family, especially if there was a poor
outcome. If the public is to understand and respect the profes-
sion of anesthesiology as a vital medical specialty, close interac-
tion and trust among parents, child, and anesthesiologist are
essential. A follow-up telephone call from the nursing staff is also
useful in identifying and managing anesthesia-related postopera-
tive issues.

Summary

This introductory chapter has outlined the fundamentals of safe
pediatric anesthesia practice. The chapters that follow elaborate
on these principles; our collective experience has been used to
guide practicing anesthesiologists. We reiterate specific points
throughout to emphasize their importance and to present several
different perspectives on those issues.
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AS AN INFANT GROWS and matures, vital changes occur that affect
the child’s response to disease, drugs, and the environment.
Growth is an increase in physical size, and development is an
increase in complexity and function. An overview of the subject
is presented so that anesthesiologists can appreciate the unique-
ness of developing children from both physical and psychological
perspectives.

The physician should understand the main developmental
changes that occur over time, as well as how these changes affect
both responses to diseases and to drug pharmacokinetics and
pharmacodynamics.

Normal and Abnormal Growth
and Maturation

Growth is the quantitative development of the body and matura-
tion is the acquisition of new functionalities; both phenomena
occur during pregnancy and after birth. Prenatal growth is the
most important phase in development, comprising organogene-
sis in the first 8 weeks (embryonic growth), followed by the
functional development of organ systems and maturation of the
fetus to full term (fetal growth). Rapid growth occurs particularly
in the second trimester; a major increase in weight from subcu-
taneous tissue and muscle mass occurs in the third trimester.
Environmental agents may affect the human embryo in a nega-
tive way. The duration of gestation and the weight of an infant
have an important relationship (Table 2-1).

The term prematurity has conventionally been applied to
infants weighing less than 2500 g at birth, but the designation
preterm infant is more appropriate and is defined as one born
before 37 completed weeks of gestation. A term or full-term infant
is one born between 37 and 42 completed weeks of gestation.
A postterm infant is one born after 42 completed weeks of
gestation.

Preterm infants are further classified according to their actual
birth weight. A low-birth-weight (LBW) infant is one weighing
less than 2500 g regardless of the duration of the pregnancy. A
very low-birth-weight (VLBW) infant weighs less than 1500 g,
and an extremely low-birth-weight infant weighs less than 1000 g.
In addition, infants weighing less than 750 g are now being
called “micropremies”; there is very little published information
regarding the anesthetic management of this vulnerable sub-
population of neonates (see Chapter 35). Common neonatal
problems as they relate to age and birth weight are presented in
Table 2-2.

After birth, physical growth continues at a rapid pace during
the first 6 months of extrauterine life but slows by about 2 years
of age. Physical growth accelerates a second time during the
pubertal period. A simple way to remember how rapidly the
infant grows is that birth weight doubles by 6 months of age and
triples by 1 year. Length doubles by 4 years of age. This scale,
however, does not affect all organs or functions in the same way.
It is important to be able to assess correctly and precisely the
stage of development of the child, because any abnormal slow-
down requires investigation to find the cause.
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TABLE 2-1 The Relationship of Gestational Age to Weight

Gestation (weeks) Mean Weight (grams)
28 165 £109
32 1760 + 128
36 2621 £+ 274
40 (full term) 3351 + 448

Data from Naeye RL, Dixon JB. Distortions in fetal growth. Pediatr Res 1978;12:
987-91.

GESTATIONAL AGE ASSESSMENT

The gestational age of an infant may be assessed in one of three
ways. The most accurate means of assessing gestational age is
by measuring the crown-rump length of the fetus during a
first-trimester ultrasonographic examination. Another method
involves calculating gestational age from the first day of the
mother’s last menstrual period, but this is commonly inaccurate,
leading to errors in estimation. Finally, the Dubowitz scoring
system is a well-accepted method combining neurologic and
physical criteria of the infant to provide an accurate assessment
of gestational age."” A summary of the more significant neuro-
logic and physical signs of maturity is presented in Table 2-3.

WEIGHT AND LENGTH

Assessment of growth is measured by changes in weight, length,
and head circumference. Percentile charts are valuable for moni-
toring the child’s growth and development. Deviation from
growth within the same percentile for a child of any age is of
greater significance than any single measurement (Figs. 2-1 and
2-2). Weight is a more sensitive index of well-being, illness, or
poor nutrition than length or head circumference and is the
most commonly used measurement of growth. Change in weight
reflects changes in muscle mass, adipose tissue, skeleton, and
body water and thus is a nonspecific measure of growth. Measure-
ment of length provides the best indicator of skeletal growth
because it is not affected by changes in adipose tissue or water
content.

Term infants may lose 5% to 10% of their body weight during
the first 24 to 72 hours of life from loss of body water. Birth
weight is usually regained in 7 to 10 days. A daily increase of
30 g (210 g/week) is satisfactory for the first 3 months. Thereafter,
weight gain slows so that at 10 to 12 months of age it is 70 g
each week (Table 2-4).

When plotting the weight of a preterm infant on a growth chart, it is
common lo use the infant’s corrected gestational age (postmenstrual age;
postconceptual age is taken from conception and is approximately 2 weeks
shorter) instead of his or her chronologic age (postnatal age, i.e., from
birth) during the first 2 years of the infant’s life in order to correct for
prematurity.

Weight and length are important but changes affect the com-
position of the body itself, especially total body water, which
decreases at the expense of the extracellular compartment, with
adult levels attained at 1 year of age.** This finding has implica-
tions for drug dosing and distribution in the infant. Males have
a greater percentage of water, whereas females have a slightly
greater percentage of fat. The percentage decrease in extracellular
water is greater than the decrease in total body water because of
the simultaneous increase in intracellular water (Table 2-5).°

Another, more precise way to assess development is to calcu-
late the body surface area (BSA).®

TABLE 2-2 Common Neonatal Problems with Respect to
Weight and Gestation

Relative
Weight

Preterm (<37 weeks) SGA

Neonatal Problems at

Gestation Increased Incidence

Respiratory distress syndrome
Apnea
Perinatfal depression
Hypoglycemia
Polycythemia
Hypocalcemia
Hypomagnesemia
Hyperbilirubinemia
Viral infection
Thrombocytopenia
Congenital anomalies
Maternal drug addiction
Fetal alcohol syndrome
AGA Respiratory distress syndrome
Apnea
Hypoglycemia
Hypocalcemia
Hypomagnesemia
Hyperbilirubinemia
LGA Respiratory distress syndrome

Hypoglycemia: infant of a
diabetic mother

Apnea

Hypocalcemia
Hypomagnesemia
Hyperbilirubinemia

Normal (37-42 weeks) ~ SGA Congenital anomalies

Viral infection

Thrombocytopenia

Maternal drug addiction

Perinatal depression

Hypoglycemia

AGA —

LGA Birth trauma
Hyperbilirubinemia
Hypoglycemia: infant of a
diabetic mother

Postmature SGA
(>42 weeks)

Meconium aspiration
syndrome

Congenital anomalies
Viral infection
Thrombocytopenia
Maternal drug addiction
Perinatal depression
Aspiration pneumonia
Hypoglycemia

AGA —

LGA Birth frauma
Hyperbilirubinemia

Hypoglycemia: infant of a
diabetic mother

AGA, Appropriate for gestational age; LGA, large for gestational age; SGA, small for
gestational age.



TABLE 2-3 Neurologic and External Physical Criteria to Assess
Gestational Age

Physical

Examination Preterm (<37 weeks) Term (>37 weeks)
Ear Shapeless, pliable Firm, well formed
Skin Edematous, thin skin Thick skin

Sole of foot Creases on anterior third Whole foot creased

Breast tissue

Genitalia
Male

Female

Limbs

Grasp reflex
Moro reflex

Sucking reflex

Less than T mm diameter

Scrotum poorly developed
Testes undescended

Large clitoris, gaping labia
majora

Hypotonic

Weak grasp

Complete but exhaustible
(>32 weeks)

Weak

More than 5 mm
diameter

Scrotum rugated
Testes descended

Labia majora developed

Tonic (flexed)

Can be lifted by reflex
grasp

Complete

Strong, synchronous
with swallowing

26

22

18

Weight (pounds)

14 -

10

Infant boys

Percentile 97 90 75
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FIGURE 2-1 Postnatal growth curve (weight) for term male infants. This

figure represents normal growth curves. Triangles indicate a normal child.

Circles demonstrate failure to thrive in a child with severe renal failure.
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TABLE 2-4 Approximate Relationship of Age to Weight

Age (years) Weight (kg)
1 10
3 15
5 19
7 23

TABLE 2-5 Relationship of Age to Body Water

Age Body Water (percent) Extracellular Intracellular
Fetus 90 60 25
Preterm 80 55 30
Full-term 70 50 35
6-12 months 60 30 40
Low-birth-weight infants
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FIGURE 2-2 Postnatal growth curve (weight) for preterm infants. This
figure represents normal growth curves for preterm infants. Triangles
indicate a normal preterm infant. Circles demonstrate failure to thrive in an
infant with bronchopulmonary dysplasia.

BSA (m?) = \/Body length (cm) x Body weight (kg)/3600

BSA can also be described using an allometric equation with an
exponent of % (see Chapter 6):

BSA o< weight”s

HEAD CIRCUMFERENCE

Head size reflects growth of the brain and correlates with intra-
cranial volume and brain weight. Changing head circumference
reflects head growth and is a part of the total body growth
process; it may or may not indicate underlying involvement of




10 A Practice of Anesthesia for Infants and Children

the brain. An abnormally large or small head may indicate abnor-
mal brain development, which must alert the anesthesiologist to
possible underlying neurologic problems. A large head may indi-
cate a normal variation, familial feature, or pathologic condition
(e.g., hydrocephalus or increased intracranial pressure), whereas
a small head may indicate a normal variant, familial feature, or
pathologic condition such as craniosynostosis or abnormal brain
development.

During the first year of life, head circumference normally
increases 10 cm, and it increases 2.5 cm in the second year. By
9 months of age, head circumference reaches 50% of adult size,
and by 2 years it is 75%. Head circumference is closely followed
on standard percentile growth curves. As with weight, deviations
of growth of the head within the same percentile are more sig-
nificant than a single measurement.

The anterior fontanel should be palpated to assess whether
it is sunken (dehydration) or bulging abnormally (suggesting
increased intracranial pressure as in hydrocephalus, infection,
hemorrhage, or increased partial pressure of carbon dioxide in
the arterial blood [PaCQ,]). If it is bulging, the sutures should
be palpated for abnormal separation as a result of increased
intracranial pressure. The anterior fontanel closes between 9 and
18 months of age; the posterior fontanel closes by 2 to 4 months
of age (Fig. 2-3). Cranial molding occurs particularly in LBW
infants and is usually of no clinical importance.

FACE

Although the cranial vault increases rapidly in size, the face and
base of the skull develop at a slower rate. At birth, the mandible
is small; but as a child develops, forward growth occurs, reducing
the obliquity of the mandibular angle. Failure of prenatal devel-
opment of the mandible may be associated with severe congeni-
tal defects (e.g., Pierre Robin, Treacher Collins, or Goldenhar
syndromes). These syndromes often have other associated anom-
alies. After 2 years of age, the cranial vault increases only margin-
ally in size, whereas the facial configuration undergoes substantive
changes. The upper jaw grows rapidly to accommodate the devel-
oping teeth. In addition, the frontal sinuses develop by 2 to
6 years of age, and the maxillary, ethmoidal, and sphenoidal
sinuses appear after 6 years of age.

TEETH

The first tooth, usually a lower incisor, erupts at approximately
6 months after birth (deciduous dentition). Eruption of all
deciduous teeth is usually complete by 28 months of age. Per-
manent teeth appear at 6 years, with the shedding of the decidu-
ous teeth; this process takes place during the next 6 to 8 years.
Abnormally developed teeth occur with hereditary disorders,
Down syndrome, cerebral palsy, medications (eg., tetracycline)
and nutritional defects. Preterm infants may show severe enamel
hypoplasia in their primary dentition.”®

FIGURE 2-3 Cranial development. A and B depict the skull of a neonate with wide-open suture. € and D depict the skull of a 7-year-old boy with

fused sutures.



COMPORTMENT AND BEHAVIOR

The neurologic status and social acquisition of the child are part
of the development assessment and will be described later in this
chapter.

Airway and Respiratory System

Airway development includes a large number of structures
including cranial vault and base, craniovertebral development,
face, branchial apparatus, larynx and oral cavity.

These structures are involved in the respiratory function (to
provide enough oxygen and to remove carbon dioxide) but also
to separate the circulation of air from the circulation of liquid
and food. A variety of processes, including ventilation, perfusion,
and diffusion, are involved in fulfilling these functions. Specifi-
cally, the anesthesiologist has to consider these developmental
changes because of their implication in airway management and
ventilation.

UPPER AIRWAY DEVELOPMENT

During the course of development, the infant upper airways
undergo deep anatomic modifications that include changes in
size, shape, and interrelationship; this is particularly prominent
during the first few years of life.

The face and the nasal chamber, the oropharynx with the
tongue, and the laryngotracheal lumen are the three main parts
of the upper airway involved. The development of the neurocra-
nium will lead to the maturation of the cranial vault and skull
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base, and the development of the viscerocranium to the skeletal
part of the face. The primordial areas involved in forming the
covering of the tongue appear early in the second month of
development.

The larynx is developed embryologically from ectodermal,
endodermal, and mesodermal tissues that are derived from the
third, fourth, and sixth branchial arch and pouch apparatus. The
development of the larynx and airway in the neonate is outlined
in detail in Chapter 12. The laryngeal opening (epiglottis and
vocal cords) in a neonate and 2-year-old boy are shown in Figure
2-4. Note the omega-shaped long epiglottis and the pearly white
vocal cords in the neonate.

The skull base grows rapidly until age 6 years, with relatively
slower growth thereafter. The cranial base flexes postnatally in a
rapid growth trajectory that is complete by 2 years of age.

The depth of the nasopharynx increases due to remodeling of
the palate as well as changes in the angulation of the skull base.
During childhood, the soft tissues of the pharyngeal structures
surrounding the upper airway grow proportionally to the skeletal
structures. After birth, the dimensions of the nasal cavity increase
very rapidly. During the first year of life, the total minimal cross-
sectional area is increased by 67%, and the volume of the anterior
4 cm of the nasal airways by 36%.’

The volume of the oral cavity in the neonate is proportionally
less than that in the adult, owing to a significantly shorter man-
dibular ramus. The volume of the oral cavity significantly
increases during the first 12 months because of rapid growth in
the height of the mandibular ramus.

FIGURE 2-4 Larynx development from neonate to 2 years old. The larynx in the neonate (A and B), with the long epiglottis (A) and the vocal cords
(B, close-up). The larynx in a 2-year-old (C and D), with a shorter epiglottis (C) and the vocal cords (D, close up).
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Compared with the adult, the tongue in the neonate contains
considerably less fat and soft tissue, but overall is large in size
relative to the dimensions of the mouth, with relatively larger
extrinsic musculature and a less developed superior longitudinal
muscle resulting in a flat dorsal surface with poor lateral mobility
(see also Chapter 12).

RESPIRATORY SYSTEM DEVELOPMENT

The development of the respiratory system begins during week 4

of gestation. Three “laws” that describe the temporal develop-

ment of the conducting airways, alveoli, and pulmonary vessels
govern normal lung growth.

Airways: The bronchial tree down to and including the terminal
bronchioles forms by week 16 of gestation. The acinus, con-
sisting of all the airway structures distal to the terminal bron-
chiole and the entire gas-exchanging apparatus, develops
throughout the remainder of gestation.

Alveoli: Alveoli develop mainly after birth, increasing in number
until approximately 8 years of life and in size until growth of
the chest wall ceases.

Pulmonary vessels: Arteries and veins accompanying the bronchial
tree form by week 16 of gestation. Those vessels lying within
the acinus follow the development of the alveoli. The appear-
ance and growth of arterial smooth muscle lags behind the
sprouting of new vessels and is not completed until late
adolescence.

TRANSITION TO AIR BREATHING

Fetal breathing movements have been detected as early as
11 weeks of gestational age; they are interspersed with long
periods of apnea and produce little tidal movement of lung
fluid.'®!! The critical event in the change from placental to pulmo-
nary gas exchange is the first inspiration, which initiates pulmo-
nary ventilation, promotes the clearance of lung fluid, and triggers
the change from the fetal to the neonatal pattern of circulation.

The first breath is a gasp that generates a transpulmonary
distending pressure of 40 to 80 cm H,O."? This moves the tra-
cheal fluid (100 times more viscous than air), overcomes surface
forces that develop as the air—fluid interface reaches the small
airways, and overcomes tissue resistance. In some children, the
removal of lung fluid may be delayed, producing the syndrome
called transient tachypnea of the newborn.”® Tachypnea lasts for 24
to 72 hours and is associated with a characteristic chest radio-
graphic appearance consisting of increased perihilar markings,
fluid in the interlobar fissures, and streaky linear opacities in the
parenchyma.

With the onset of pulmonary ventilation, pulmonary blood
flow sharply increases. Decreased pulmonary vascular resistance
(PVR) and increased peripheral systemic vascular resistance (loss
of the umbilical circulation) are the two crucial events involved
in the immediate transition from the fetal circulation to the
normal postnatal pattern. The increase in systemic afterload
causes an immediate closure of the flap valve mechanism of the
foramen ovale and reverses the direction of shunt through the
ductus arteriosus. Until these fetal shunt pathways close ana-
tomically, the pattern of circulation is unstable. Increased pul-
monary vascular reactivity in response to hypoxia and acidosis
may precipitate a reversal to right-to-left shunting (“flip-flop”
circulation).

In the first few minutes of life, a state of “normal” asphyxia
exists as a result of impairment of placental blood flow during
labor. The partial pressure of oxygen in arterial blood (PaO,) and
pH are low, whereas the PaCO, is increased immediately after

birth, but these parameters change rapidly in the first hour of
life. Extrapulmonary shunting through fetal channels and intra-
pulmonary shunting, probably through unexpanded regions of
the lung, persist for some time after birth, so that in neonates
the physiologic right-to-left shunt is about three times that in
adults."

MECHANICS OF BREATHING

Chest Wall and Respiratory Muscles

The accessory muscles of inspiration are relatively ineffective in
infants because of an unfavorable anatomic rib configuration. In
infancy, the ribs extend horizontally from the vertebral column,
moving little with inspiration.”” These factors increase the work-
load on the diaphragm. Consequently, and in contrast to an
adult, thoracic cross-sectional area is fairly constant throughout
the breathing cycle, and inspiration occurs almost entirely as a
result of diaphragmatic descent.

The chest wall of a neonate is floppy because it comprises
noncalcified cartilage, its musculature is poorly developed, and
the ribs are incompletely calcified.'®!” As the work of breathing
increases, diaphragmatic displacement must also increase to
maintain the tidal volume. The increased workload may lead to
diaphragmatic fatigue and respiratory failure or apnea, especially
in preterm infants.'®!

The tendency to respiratory muscle fatigue is the result of the
metabolic characteristics of the diaphragm, which has very little
type I (slow twitch, high oxidative capacity) muscle fibers (see
Fig. 12-11).

Elastic Properties of the Lung

Changes in the static pressure—volume relationship of the lungs
during growth are caused by increases in volume and changes in
the elastic properties of lung tissue. Volume is the principal factor
that determines lung compliance, which increases throughout
childhood. Specific lung compliance remains relatively constant
throughout childhood.” In contrast, specific compliance of the
chest wall declines throughout childhood and adolescence,
reflecting the progressive calcification of the ribs and the increas-
ing bulk of the thoracic muscles.

Static Lung Volumes
Detailed information expressing static lung volumes on the basis
of body weight are detailed in Table 2-6.

Total Lung Capacity

Adults have a markedly greater total lung capacity (TLC) than
infants (Fig. 2-5). This difference reflects the fact that TLC is an
effort-dependent parameter, depending on the strength and effi-
ciency of the inspiratory muscles, which can be estimated by
the maximum inspiratory pressure at functional residual capacity
(FRC). An adult can generate negative pressures in excess of
100 cm H,O; negative inspiratory pressures as high as 70 cm
H,O have been recorded for neonates, a surprisingly high value
in view of their underdeveloped musculature and highly compli-
ant chest wall. This may be a consequence of the small radius of
curvature of an infant’s rib cage, which by the Laplace relation-
ship converts a small tension into a large pressure difference.”’

Functional Residual Capacity

FRC is similar on a per-kilogram basis at all ages, but the mechan-
ical factors on which it is based are different in infants and
adults.?? In adults, FRC is the same as the volume at which the
elastic forces generated by the passive recoil of the chest wall are
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TABLE 2-6 Age-Dependent Respiratory Variables

Newborn 6 months 12 months 3 years 5 years 12 years Adult Units
F 50 %1 305 24+ 6 24+ 6 23+5 18+5 12+3 Breaths per min
vV 21 45 78 12 270 480 575 mL
6-8 6-7 mL/kg
VE 1050 1350 1780 2460 5500 6200 6400 mL/min
200-260 90 mL/kg/min
VA 665 1245 1760 1800 3000 3100 mL/min
100-150 60 mL/kg/min
Vb/VT 0.3 0.3
Vo, 6-8 3-4 mL/kg/min
VC 120 870 1160 3100 4000 mL
FRC 80 490 680 1970 3000 mL
30 30 mL/kg
TLC 160 1100 1500 4000 6000 mL
63 82 mL/kg
pH 7.37.4 7.357.45 7.35-7.45
Pao, 60-90 80-100 80-100 mm Hg
PaCo, 30-35 30-40 37-42 mm Hg

Modified from O'Rourke PP, Crone RK. The respiratory system. In: Gregory GA, editor. Pediatric anesthesia. 2nd ed. New York: Churchill Livingstone; 1989.
F, Frequency; FRC, functional residual capacity; PaCO,, arterial carbon dioxide tension; PaO,, arferial oxygen tension; TLC, total lung capacity; TV, tidal volume; VA, alveolar
ventilation; VC, vital capacity; Vb/VT, dead space/tidal volume; VE, minute ventilation; Vo,, oxygen consumption.

Infant Adult
63 mlL/kg 82 mlL/kg
100% -
80% -
FIGURE 2-5 Lung volumes in infants and adults. Note
2 that, in infants, tidal volume breathing occurs at the
S 60% - Ve Ve same volume as closing volume. CC, Closing capacity;
§ Tidalf|” Closing FRC, functional residual capacity; VC, vital capacity.
o vol. volume (Modified from Nelson NM. Respiration and circulation
B Expiratory after birth. In: Smith CA, Nelson NM editors. The
T 40% reserve vol. Tidal volume  physiology of the newborn infant. Springfield, Ill.:
2 - Charles C Thomas; 1976. p. 207.)
cC Expiratory
reserve vol.|
FRC Closing
20% Residual volume FRC
volume
Residual CcC
volume
Oo/o -

balanced by the recoil of the lung (Fig. 2-6); this is the volume
attained at end-expiration with an open glottis.

An important clinical implication of the dynamic control of
FRC is that an apneic infant has a disproportionately smaller
reserve of intrapulmonary oxygen on which to draw than a simi-
larly affected adult. This, combined with their increased meta-
bolic rate, contributes to the rapid development of hypoxemia if
the airway is lost in the anesthetized infant.

Closing Capacity

As exhalation proceeds to completion, small airways in depen-
dent regions of the lung close, leading to air trapping in the
affected areas. Closing capacity is closely related to age, declining

throughout childhood and adolescence and increasing thereafter
throughout adult life (see Fig. 2-5). This pattern of change has
been related to the development and deterioration of lung elastic
tissue and its effect on recoil pressure. The latter is the principal
determinant of transmural pressure and therefore patency of
the smallest airways, which lack intrinsic stability because they
contain no cartilage.

Closing volume is within the range of tidal breathing in some
adults older than 40 years and some children younger than
10 years (see Fig. 2-5). It is not possible to measure closing
volume in children younger than 5 years, but because elastic
recoil pressure decreases to very low levels in infancy (see Fig.
2-6); it is likely that some airways remain closed throughout tidal
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FIGURE 2-6 Compliance curves for the chest wall, lungs, and thorax
(combination of chest wall and lungs) in infants and adults. (Modified and
reproduced with permission from Pérez Fontan JJ, Haddad GG. Respiratory
physiology. In: Behrman RE, Kliegman RM, Jenson HB, editors. Nelson
textbook of pediatrics. 17th ed. Philadelphia: WB Saunders; 2003. p. 1363.)

breathing. This conclusion is supported by the finding that
infants have a large “trapped gas volume” that is not in free com-
munication with the conducting airways. Age-related changes in
PaO,, which parallel the changes in the difference between FRC
and closing volume, may also be related to airway closure.?*

AIRWAY DYNAMICS

Resistance and Conductance

Airway resistance declines markedly with growth from 19 to
28 cm H,0O/L/sec in neonates to less than 2 cm H,O/L/sec in
adults.”** Airway resistance is greater in preterm than in full-term
infants. On the other hand, specific airway conductance (recipro-
cal of resistance) is greater in preterm infants, and it continues
to decline throughout the first 5 years of life.***

Distribution of Resistance

The distribution of airway resistance changes markedly around
the age of 5 years. Airway resistance per gram of lung tissue is
constant at all ages in the “central airways” (trachea to the twelfth
to fifteenth bronchial generation), whereas it decreases markedly
around the age of 5 years in the “peripheral airways” (twelvth to
fifteenth generation to the alveoli).

Inspiratory and Expiratory Flow Limitation
Tracheal compliance in neonates is twice that of adults; it is even
greater in preterm infants and appears to be a consequence of

cartilaginous immaturity. The functional importance of this
finding is that dynamic collapse of the trachea may occur with
inspiration and expiration (see Fig. 12-10).

Regulation of Breathing

In neonates as in adults, PaO,, PaCO,, and pH control pulmo-
nary ventilation, with PaO, acting mainly through peripheral
chemoreceptors in the carotid and aortic bodies and PaCO, and
pH acting on central chemoreceptors in the medulla. Unlike an
adult, an infant’s response to hypercapnia is not potentiated by
hypoxia. In fact, hypoxia may depress the hypercapnic ventila-
tory response in term and preterm infants.?

High concentrations of oxygen depress the neonate’s respira-
tions, whereas low concentrations stimulate it. The hypoxic
response is not sustained. However, sustained hypoxia leads first
to a return to baseline ventilation and then to ventilatory depres-
sion. This pattern of response persists in normal term infants
for the first week of life, after which the response to sustained
hypoxia is replaced by a sustained increase in ventilation.”” This
pattern persists longer in preterm infants.

Periodic breathing commonly occurs in neonates and should
be distinguished from clinical apnea, which occurs in as many as
25% of all preterm infants but especially in the most premature.
Apnea of prematurity may be a life-threatening condition. Ven-
tilatory pauses are prolonged and are associated with desaturation
of arterial oxygen, bradycardia, and loss of muscle tone.

Prematurity is an important risk factor for life-threatening
apnea in infants undergoing general anesthesia.”® The risk of
postanesthetic respiratory depression is inversely related to gesta-
tional age and postconceptual age at the time of anesthesia.”’ It
has been stated that infants may be at risk up to 60 weeks after
conception.?”?!

The reduced PaO, of neonates is compensated by a greater
oxygen-carrying capacity due to increased hemoglobin concen-
trations, which decline during the first several weeks of life. At
birth, the hemoglobin content of the blood is made up of 50%
fetal hemoglobin, which has an in vivo oxygen-dissociation curve
that is shifted to the left in comparison with normal adult hemo-
globin. The shift in position of the oxygen-dissociation curve
depends on the ratio of adult to fetal hemoglobin. It shifts to the
right during the course of the first week of life, reflecting a switch
from fetal to adult hemoglobin formation.*” Normal PaCO, and
pH are somewhat lower in the neonatal period than in later
infancy (see Table 2-6).

Cardiovascular System

An understanding of cardiovascular development is important
for anesthesiologists. This section briefly considers developmen-
tal changes in heart rate, blood pressure, cardiac output, and the
electrocardiogram; more detailed descriptions are found in
Chapters 14 and 16.

HEART RATE
Autonomic control of the heart in utero is mediated predomi-
nantly through the parasympathetic nervous system. It is only
shortly after birth that sympathetic control appears. In neonates,
the heart rate may have a wide variation that is within normal
limits.

In older children, a significant number of arrhythmias and
conduction abnormalities are also encountered, with marked
fluctuations in heart rate due to variations in autonomic tone.



The mean heart rate in neonates in the first 24 hours of life is
120 beats per minute. It increases to a mean of 160 beats per
minute at 1 month, after which it gradually decreases to 75 beats
per minute at adolescence (Table 2-7).%2

BLOOD PRESSURE
Mean systolic blood pressure in neonates and infants increases
from 65 mm Hg in the first 12 hours of life to 75 mm Hg at
4 days and 95 mm Hg at 6 weeks. There is little change in mean
systolic pressure between 6 weeks and 1 year of age; between
1 year and 6 years, there is only a slight change, followed by a
gradual increase.*** These measurements apply to infants and
children who are awake and quiet. The blood pressure in preterm
infants in the first 12 hours is less than that in full-term infants;
a gradual increase in blood pressure occurs after birth—68/43 mm
Hg on day 1 of life compared with 90/55 mm Hg on day 90 of
life (Table 2-8).* It has also been noted that infants with birth
asphyxia and those who require mechanical ventilation have
reduced blood pressures.”” Blood pressure measured in the lower
leg is less than in the upper arm.*®

Blood pressure in adolescents and adults who were born
preterm is greater than in those who were born full-term.
However, the slower fetal growth in preterm, LBW infants was
not identified as an independent predictor of this greater blood
pressure later in life.”

TABLE 2-7 The Relationship of Age to Heart Rate*

Age Mean Heart Rate in Beats per Minute (range)
Premature 120-170
0-3 months 100-150
3-6 months 90-120
6-12 months 80-120
1-3 years 70-110
3-6 years 65-110
6-12 years 60-95
>12 years 55-85

Data from Hartman ME, Cheifetz IM. Pediatric Emergencies and Resuscitation. In:
Kliegman RM, Stanton ST BF, Geme Ill JW, Schor NF, Behrman RE, editors. Nelson
Textbook of Pediatrics. 19th ed. Philadelphia: Elsevier; 2011. p. 280.

*Note that the heart rate will be lower during sleep.

TABLE 2-8 The Relationship of Age to Blood Pressure*

Normal Blood Pressure (mm Hg)

Age Mean Systolic Mean Diastolic
Premature 55-75 35-45
0-3 months 65-85 45-55
3-6 months 70-90 50-65
6-12 months 80-100 55-65
1-3 years 90-105 55-70
3-6 years 95-110 60-75
6-12 years 100-120 60-75
>12 years 110135 65-85

Data from Hartman ME, Cheifetz IM. Pediatric Emergencies and Resuscitation. In:
Kliegman RM, Stanton ST BF, Geme Ill JW, Schor NF, Behrman RE, editors. Nelson
Textbook of Pediatrics. 19th ed. Philadelphia: Elsevier; 2011. p. 280.

*Note that the blood pressure will be lower during sleep or during anesthesia.
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CARDIAC OUTPUT

Determination of cardiac output and blood pressure allows calcu-
lation of systemic vascular resistance. It provides important infor-
mation relating to the left ventricular afterload and allows rational
application of vasoactive (e.g., vasoconstrictor, vasodilator) and
inotropic drugs. Measurement of cardiac output may be carried
out by the Fick method (using oxygen extraction) or thermodilu-
tion using a pulmonary artery flow-directed catheter. In neonates,
the latter technique is rarely used because shunts at the atrial and
ductal level introduce errors when interpreting the results.

Pulsed Doppler determinations of cardiac output provide rea-
sonable noninvasive estimates of cardiac output for clinical appli-
cation in neonates. Cardiac output, normalized for body weight,
in neonates between 780 and 4740 g at birth, remains fairly con-
stant, changing approximately 10% over the weight range.* The
range of cardiac output in both full-term and preterm neonates
is 220 to 350 mL/kg/min, two- to threefold greater than in
adults.***! Between birth and the end of the first year, mean
cardiac output normalized for body weight (or surface area),
remains fairly constant at 204 + 45 mL/kg/min.*” The relatively
large cardiac output (mL/min/kg) in neonates reflects their greater
metabolic rate (expressed per kilogram) and oxygen consumption
compared with adults. Basal metabolic rate has been shown to
increase as size decreases in all species® (see Chapter 6).

Pulsed Doppler estimation of cardiac output has also been
found useful in assessing left ventricular myocardial dysfunction
in neonates after perinatal asphyxia and acidosis, as well as its
response to therapy.***** In older children, measurements of
cardiac output are necessary in circulatory shock." New nonin-
vasive techniques using changes in impedance may be useful in
the future (see Chapter 51).

NORMAL ELECTROCARDIOGRAPHIC FINDINGS FROM
INFANCY TO ADOLESCENCE

The P wave reflects atrial depolarization and varies little with age.
The PR interval increases with age (mean value for the first year
is 0.10 second, increasing to 0.14 second at 12 to 16 years).”” The
duration of the QRS complex increases with age, but prolonga-
tion greater than 0.10 second is abnormal at any age.

At birth, the QRS axis is right sided, reflecting the predomi-
nant right ventricular intrauterine development. It moves left-
ward in the first month as left ventricular muscle hypertrophies.
Thereafter, the QRS follows a gradual change away from the
initial marked right-sided axis.

In addition, T waves are upright in all chest leads. Within
hours, they become isoelectric or inverted over the left chest; by
the seventh day, the T waves are inverted in Vg (V4 position
under the right clavicle), V,, and across to V,; from then on, the
T waves remain inverted over the right chest until adolescence,
when they become upright over the right side of the chest again.
Failure of T waves to become inverted in V,z and V; to V, by 7
days may be the earliest electrocardiographic evidence of right
ventricular hypertrophy.*s*

Renal System

The complex development of the human kidney begins in
week 4 of gestation and continues into adulthood. Serious renal
malfunctioning is usually associated with growth retardation.
Urine production begins in utero at 10 to 12 weeks of gesta-
tion and is excreted into the amniotic cavity, helping to maintain
amniotic fluid volume. The fetus maintains its metabolic
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homeostasis through the placenta. It is only after birth that the
kidney assumes this responsibility. More than 90% of neonates
will have voided urine within the first 24 hours after birth. All
normal infants should have voided by 48 hours after birth.”

Tubular function begins to develop after 34 weeks of gestation
and increases during the first two years of life.”! The number and
function of the Na'/K*-ATPase transporters, are reduced at birth
(activity increases 5- to 10-fold during the postnatal period). All
transporters reliant on the Na* gradient are also reduced in func-
tion. The renal tubular threshold is decreased for sodium (iden-
tifying the risk for hyponatremia), for glucose (increased risk for
osmotic polyuria), and for bicarbonates (increased risk for meta-
bolic acidosis).

Nephrogenesis is complete by 36 weeks of gestation. Renal
blood flow and glomerular filtration rate (GFR) are reduced and
correlate with gestational age. GFR is 20% to 25% of adult levels
at term. They increase rapidly in the postnatal period due to
an increase in cardiac output and a decrease in renal vascular
resistance.” Adult rates are achieved by approximately two years
of age™ (see Fig. 6-11). A reduced GFR significantly affects the
neonate’s ability to excrete saline and water loads, as well as
drugs. At birth, the serum creatinine concentration reflects the
maternal concentration, but decreases during the first days of life.
Over the course of early childhood, creatinine clearance slowly
increases, reaching adult values between 2 and 3 years of age. Due
to the rapid growth and increase in muscular mass, normal serum
creatinine values increase with age and are greater in males.

In utero, the fetus maintains a mild respiratory acidosis, with
a similar plasma bicarbonate concentration, but a greater PaCO,
than its mother. After birth, infants have a reduced plasma bicar-
bonate concentration and PaCO, than older children and adults.
They have a comparatively greater basal acid production and are
less able to respond to an acid load. Endogenous acid production
in small children is between 50% and 100% greater per kilogram
when compared with adults. This is primarily due to the deposi-
tion of Ca** in bone, a process that produces 0.5 to 1 mEq per
liter of acid per day. Bicarbonate absorption from the gastroin-
testinal tract is an important source of base to neutralize this
nonvolatile acid, and in part, explains the tendency of infants to
become profoundly acidotic when suffering from gastroenteritis.
The infant or small child is living near its limit of acid compensa-
tion and is therefore prone to develop acidosis during the course
of an acute illness or starvation.

Neonates and preterm infants are obligate salt losers; they
cannot excrete a large salt load or concentrate urine effectively.
Immaturity of distal tubular function and relative hypoaldoste-
ronism explain the risk of hyperkalemia in preterm infants.

Digestive and Endocrine System

HEPATIC SYSTEM

Development of the liver and bile ducts begins as an outgrowth
of the foregut; by 10 weeks of gestation, the biliary tract has
completed its development. The vitelline veins give rise to the
portal and hepatic veins. Hepatic sinusoids form the ductus
venosus, the bridge between the hepatic vein and the inferior
vena cava. Most umbilical venous blood from the placenta passes
through the ductus venosus to the inferior vena cava. The
remainder passes via the portal vein through the liver to the
hepatic veins. The portal venous drainage to the left lobe is less
than to the right lobe, leading to a relative underdevelopment of
the left lobe. The ductus venosus closes soon after birth.

At 12 weeks of gestation there is evidence of gluconeogenesis
and protein synthesis; at 14 weeks, glycogen is found in liver
cells. Although by late gestation liver cell morphology is similar
to that of adults, the functional development of the liver is
immature in neonates and more so in preterm infants. The liver
has a major role in metabolism, controlling carbohydrate,
protein, and lipid delivery to the tissues. Toward the end of
pregnancy, large amounts of glycogen appear in the liver, and, as
a result, preterm and small-for-gestational-age (SGA) infants with
smaller stores of glycogen may develop hypoglycemia. Bile acid
secretion in neonates is reduced, and malabsorption of fat occurs.

The liver is the site for the synthesis of proteins; this process
is active in fetal and neonatal life. In fetal life, the main serum
protein is alpha-fetoprotein. This protein first appears at 6 weeks
of gestation and reaches a peak at 13 weeks. Albumin synthesis
starts at 3 to 4 months of gestation and approaches adult values
at birth; in preterm infants, the level is reduced. Proteins involved
in clotting are also formed in the liver but their concentrations in
preterm and full-term neonates are less than normal for the first
few days after birth. Hematopoiesis occurs in the fetal liver, with
peak activity at 7 months of gestation. After 6 weeks of age, hema-
topolesis is confined to the bone marrow except under patho-
logic conditions, such as hemolytic anemia (see Chapter 28).

The capacity to enzymatically break down proteins is reduced
at birth. This is particularly important in preterm infants, when
the intake of a large protein load can result in dangerous levels
of serum amino acid concentrations. In the first weeks of life,
drug metabolism is less efficient than in later life. In addition to
less effective hepatic metabolism, altered drug binding by serum
proteins and immature renal function contribute to the problem
(see Chapter 6).

Physiologic Jaundice

Hyperbilirubinemia (defined as a total serum bilirubin level >5
mg/dL) is an especially important problem in neonates. About
60% of term and 80% of preterm neonates develop jaundice in
the first week of life, with a total bilirubin concentration greater
than 5 mg/dL.** The mechanisms for producing jaundice are
outlined in Table 2-9.%%% In term neonates, the normal total bili-
rubin concentration is usually less than 5 mg/dL (86 pmol/L),
rarely >12 mg/dL without a risk factor and peaks at 3 to 4 days.
In preterm infants, the bilirubin concentration peaks at 10 to
12 mg/dL on the fifth to seventh postnatal day. After this period,
the concentration gradually decreases reaching adult values (less
than 2 mg/dL) by 1 to 2 months in both term and preterm
infants. The concentration of indirect bilirubin is also increased
in the first few days after birth. The cause of nonhemolytic physi-
ologic hyperbilirubinemia is excessive bilirubin production from
breakdown of red blood cells and increased enterohepatic circula-
tion of bilirubin with deficient hepatic conjugation due to
depressed glucuronyl transferase activity. The relationship
between breast feeding and hyperbilirubinemia has been well
documented. It is usually delayed in onset (after the third day of
life), its cause remains unclear, and it occurs in about 1% of

TABLE 2-9 Causes of Jaundice in Neonates

Excess bilirubin production

Impaired uptake of bilirubin

Impaired conjugation of bilirubin

Defective bilirubin excretion

Increased enterohepatic circulation of bilirubin




TABLE 2-10 Pathologic Causes of Jaundice in Neonates

Antibody-induced hemolysis (Rh and ABO)

Hereditary red blood cell disorders (e.g., glucose-6-phosphate
dehydrogenase deficiency, which gives rise to hemolysis from drugs
or infection)

Infections (e.g., neonatal hepatitis, sepsis, severe urinary tract
infections)

Hemorrhage into the body (e.g., intracerebral)
Biliary atresia
Metabolic (e.g., hypothyroidism, galactosemia)

breastfeeding infants. An earlier hypothesis ascribing it to inhibi-
tion of glucuronyl transferase by 30, 20B-pregnanediol activity
has not been substantiated.

Important pathologic causes of jaundice in neonates are pre-
sented in Table 2-10. The relative rarity of cholestasis is in sharp
contrast with the very common finding of jaundice during
the first weeks of life, and therefore, a false diagnosis of physio-
logic or breast milk jaundice is easily made. Symptoms indicative
of cholestasis such as dark urine and pale stools are often
unrecognized.”

Once the distinction between physiologic and hemolytic
hyperbilirubinemia has been made, the underlying cause can
then be treated and efforts can be directed at preventing bilirubin
encephalopathy (kernicterus) by the use of phototherapy and,
in selected cases, exchange transfusions. Phototherapy reduces
serum bilirubin concentrations by converting bilirubin through
structural photoisomerization and photooxidation into excreta-
ble products.”® A possible relationship between neonatal blue-
light phototherapy and the development of benign or malignant
melanocyte lesions has been suggested®; further studies are
required to clarify this concern.

Sick preterm infants are especially at risk for kernicterus and
are more aggressively treated at reduced bilirubin concentrations
than full-term infants. Increasingly common is a form of chole-
static jaundice in LBW infants receiving prolonged hyperalimen-
tation. Its mechanism is unclear, but it may be due to inhibition
of bile flow by amino acids.*™*® Future therapy for hyperbilirubi-
nemia in LBW infants may include the use of tin-mesoporphyrin,
which inhibits the production of bilirubin.***

GASTROINTESTINAL TRACT
In an embryo, the digestive tract consists of the developing
foregut and hindgut. These rapidly elongate so that a loop of gut
is forced into the yolk sac. At 5 to 7 weeks, this loop twists around
the axis of the superior mesenteric artery and returns to the
abdominal cavity. Maturation occurs gradually from the proxi-
mal to the distal end. Blood vessels and nerves (Auerbach and
Meissner plexuses) are developed by 13 weeks of gestation, and
peristalsis begins. The pancreas arises from two outgrowths of the
foregut; a diverticulum of the foregut gives rise to the liver.
Enzyme levels of enterokinase and lipase increase with gesta-
tional age but are lower at birth compared with older children.
Full-term neonates and preterm infants handle protein loads
reasonably well, although preterm infants may have difficulty
with large loads. Fat digestion is limited, particularly in preterm
infants, who absorb only 65% of adult levels. Neonatal duodenal
motility undergoes marked maturational changes between 29 and
32 weeks of gestation. This is one factor limiting tolerance of
enteral feeding before 29 to 30 weeks of gestation. Central nervous
system abnormalities will delay these maturational changes.*
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Swallowing is a complex process that is under central and
peripheral control. The reflex is initiated in the medulla, through
cranial nerves to the muscles that control the passage of food
through the pharyngoesophageal sphincter. In the process, the
tongue, soft palate, pharynx, and larynx all are smoothly coor-
dinated. Any pathologic condition of these structures can inter-
fere with normal swallowing. Neuromuscular incoordination,
however, is more likely to be responsible for any dysfunction.
This is particularly evident when the central nervous system has
sustained damage either before or during delivery.

Lower esophageal pressures are reduced at birth but increase
steadily reaching adult values 3 to 6 weeks postnatally. Daily
vomiting or “spitting up” may be seen in half of all infants
between 0 and 3 months of age and up to two-thirds of 4- to
6-month-old infants.”” Most of these infants suffer no ill effect
(“happy spitters”) and grow well.®® This condition usually begins
in the first weeks of life and resolves spontaneously by 9 to
24 months of age as solid food is introduced and the child
assumes the upright position. Between 1:300 and 1:1000 infants
have reflux that is significant enough to warrant treatment to
prevent complications.®’

Meconium is the material contained in the intestinal tract
before birth. It consists of desquamated epithelial cells from the
intestinal tract, bile, pancreatic and intestinal secretions, and
water (70%). Meconium is usually passed in the first few hours
after birth; virtually all term neonates pass their first stool by
48 hours. However, passage of the first stool is usually delayed
in LBW neonates, probably because of immaturity of bowel
motility and lack of gut hormones due to delayed enteral feeding.
Meconium ileus occurs in cystic fibrosis or Hirschsprung disease.

The gastrointestinal transit time in the infant is less than that
of an adult and increases with age. The normal physiologic range
of stool frequency varies greatly (from 10 times a day to 1-2 times
a week”™ and more often in breastfed infants. The frequency of
bowel movements gradually declines over the first years of life,
reaching adult habits at about 4 years of age.

Necrotizing enterocolitis is an acquired gastrointestinal
disease associated with significant morbidity and mortality in
prematurely born neonates. The disease affects about 10% of
preterm neonates weighing less than 1500 g or 1% to 5% of all
neonatal intensive care unit admissions (see also Chapters 35 and
36). Combined with enteral feeds and bacterial colonization,
inflammatory mediators are released, leading to a propagated
inflammatory response with both pro- and antiinflammatory
influences.”!

PANCREAS
The placenta is impermeable to both insulin and glucagon. The
islets of Langerhans in the fetal pancreas, however, secrete insulin
from week 11 of fetal life; the amount of insulin secretion
increases with age. After birth, insulin response is related to
gestational and postnatal age and is more mature in term infants.
Maternal hyperglycemia, particularly when uncontrolled,
results in hypertrophy and hyperplasia of the fetal islets of Lan-
gerhans. This leads to increased levels of insulin in the fetus,
affecting lipid metabolism and giving rise to a large, overweight
infant characteristic of a mother with poorly controlled diabetes
(infant of a diabetic mother, IDM). Hyperglycemia alone is
not instrumental in this effect; IDM may also be the result of
an increase in serum amino acids found in diabetic mothers.
Hyperinsulinemia of the fetus persists after birth and may lead
to rapid development of serious hypoglycemia. In addition to
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severe hypoglycemia, these infants have an increased incidence
of congenital anomalies.

Infants who are SGA are frequently hypoglycemic, and this
may be the result of malnutrition in utero. In addition, hepatic
glycogen stores are inadequate, and deficient gluconeogenesis
exists. Preterm infants may be hypoglycemic without demon-
strable symptoms, necessitating close monitoring of blood
glucose levels.

Full-term neonates undergo a metabolic adjustment postna-
tally with regard to glucose. Studies have defined values for
glucose levels that should be cause for concern: plasma glucose
levels less than 35 mg/dL in the first 3 hours of life; less than
40 mg/dL between 3 and 24 hours; and less than 45 mg/dL after
24 hours.” Others have defined hypoglycemia in full-term infants
as a plasma glucose concentration of less than 30 mg/dL in the
first day of life or less than 40 mg/dL in the second day of life.”
It is important to recognize that infants may develop serious
hypoglycemia that could lead to irreversible central nervous
system damage, even though they demonstrate no symptoms.
Other infants may present with convulsions, but signs may also
be subtle (e.g., lethargy, somnolence, and jitteriness).

Hyperglycemia (plasma glucose 150 mg/dL or greater) occurs
in stressed neonates, particularly LBW infants infused with
glucose-containing solutions. Hyperglycemia commonly occurs
in infants undergoing elective surgery under general anesthesia;
infusion of glucose-containing solutions may increase the risk of
hyperglycemia. Thus it is advisable that intraoperative glucose
levels be monitored. A study in infants undergoing surgery under
general anesthesia showed that postsurgical plasma glucose values
were significantly greater than postinduction values; insulin
changes were minimal.”* The risk of hyperglycemia is consider-
ably greater in infants weighing less than 1000 g compared with
infants of 2000 g or more.” Hyperglycemia may also lead to
osmotic diuresis and dehydration and has been associated with
an increased incidence of intraventricular hemorrhage and a neu-
rologic handicap.

Hematopoietic and Immunologic System

The blood volume of a full-term neonate depends on the time
of cord clamping, which modifies the volume of placental trans-
fusion. The blood volume is 93 mL/kg when cord clamping is
delayed after delivery, compared with 82 mL/kg with immediate
cord clamping.”>"® Within the first 4 hours after delivery, however,
fluid is lost from the blood and the plasma volume contracts by
as much as 25%. The larger the placental transfusion, the larger
this loss of fluid in the first few hours after birth, with resultant
hemoconcentration. The blood volume in preterm infants is
greater (90 to 105 mL/kg) than it is in full-term infants because
of increased plasma volume.

HEMOGLOBIN

The normal hemoglobin range in the neonate is between 14 and
20 g/dL. The site of sampling must be considered when interpret-
ing these values for the diagnosis of neonatal anemia or hyper-
viscosity syndrome. Capillary sampling (e.g., heel stick) generally
overestimates the true hemoglobin concentration because of
stasis in peripheral vessels that results in a loss of plasma
and produces hemoconcentration. The net effect may be an
increase in hemoglobin by as much as 6 g/dL As a result, veni-
puncture is preferred over capillary sampling. In 1% of infants,

fetal-maternal transfusion before the umbilical cord is cut may
explain many of the “lower normal” hemoglobin values reported.

Erythropoietic activity from the bone marrow decreases
immediately after birth in both full-term and preterm infants.
The cord blood reticulocyte count of 5% persists for a few days
and declines below 1% by 1 week. This is followed by a slight
increase to 1% to 2% by the 12th week, where it remains through-
out childhood. Preterm infants have greater reticulocyte counts
(up to 10%) at birth. Abnormal reticulocyte values reflect hemor-
rhage or hemolysis.

In term infants, the hemoglobin concentration decreases
during the 9th to 12th week to reach a nadir of 10 to 11 g/dL
(hematocrit 30% to 33%) and then increases. This decrease in
hemoglobin concentration is due to a decrease in erythropoiesis
and to some extent due to a shortened life span of the red
blood cells. In preterm infants, the decrease in the hemoglobin
level is greater and is directly related to the degree of prematurity;
also, the nadir is reached earlier (4 to 8 weeks).” In infants
weighing 800 to 1000 g, the decrement may reach a very small
concentration, 8 g/dL. This “anemia” (physiologic anemia of
the newborn) is a normal physiologic adjustment to extrauterine
life. Despite the reduction in hemoglobin, the oxygen delivery
to the tissues may not be compromised because of a shift of
the oxygen-hemoglobin dissociation curve (to the right), second-
ary to an increase of 2,3-diphosphoglycerate.” In addition, fetal
hemoglobin is replaced by adult-type hemoglobin, which also
results in a shift in the same direction. In neonates, especially
preterm infants, reduced hemoglobin concentrations may be
associated with apnea and tachycardia.” Vitamin E administra-
tion does not prevent anemia of prematurity; no significant
difference was noted between vitamin E-supplemented and
unsupplemented groups in terms of hemoglobin concentration,
reticulocyte and platelet counts, or erythrocyte morphology in
infants at 6 weeks of age.® Infants with anemia of prematurity
have been found to have an inadequate production of erythro-
poietin (the primary regulator in erythropoiesis). Some centers
are now using recombinant human erythropoietin in VLBW
infants to stimulate erythropoiesis and decrease the need for
transfusions.®"

After the third month, the hemoglobin concentration stabi-
lizes at 11.5 to 12 g/dL, until about 2 years of age. The hemo-
globin values of full-term and preterm infants are comparable
after the first year. Thereafter, there is a gradual increase in
the hemoglobin concentration to mean values at puberty of
14 g/dL for females and 15.5 g/dL for males.

LEUKOCYTE AND IMMUNOLOGY

The white blood cell count may normally reach 21,000/mm® in
the first 24 hours of life and 12,000/mm? at the end of the first
week, with the number of neutrophils equaling the number of
lymphocytes. It then decreases gradually, reaching adult values at
puberty. At birth, neutrophil granulocytes predominate but
rapidly decrease in number so that during the first week of life
and through 4 years of age the lymphocyte is the predominant
cell. After the fourth year, the values approximate an adult’s.
Neonates have an increased susceptibility to bacterial infection,
which is related in part to immaturity of leukocyte function.
Sepsis may be associated with a minimal leukocyte response or
even with leukopenia. Spurious increases in the white blood cell
content may be due to drugs (e.g., epinephrine). The incidence
of neonatal sepsis correlates inversely with gestational age and
may be as great as 58% in VLBW infants.®



PLATELETS

Thrombocytopenia is a common hematologic finding in neo-
nates, occurring in 1% to 2% of healthy term neonates.*
Mechanical ventilation has been associated with a significant
decrease in the platelet count in neonates.® There appears to be
an inverse correlation between gestational age or birth weight and
the severity of platelet reduction. A study of neonatal thrombo-
cytopenia and its impact on hemostatic integrity showed that
thrombocytopenic infants are at greater risk for bleeding than
equally sick nonthrombocytopenic infants (see Chapter 18).

COAGULATION

At birth, vitamin K-dependent factors (i.e., II, VII, IX, and X)
are 20% to 60% of adult values; in preterm infants, the values
are even less. The result is prolonged prothrombin times, nor-
mally encountered in full-term and preterm infants. Synthesis of
vitamin K-dependent factors occurs in the liver, which, being
immature, leads to relatively lower levels of the coagulation
factors, even with the administration of vitamin K. It takes several
weeks for the levels of coagulation factors to reach adult values;
the deficit is even more pronounced in preterm infants. Vitamin
K prophylaxis has been evaluated,’® and the findings show that
the majority of cases of neonatal vitamin K deficiency occur in
normal neonates. Thus, all neonates should receive prophylactic
vitamin K soon after birth to prevent hemorrhagic disease of the
neonate. Its omission could lead to serious and life-threatening
consequences, especially if surgery is undertaken. However, in
theory, the increasing risk of bleeding is balanced by the protec-
tive effects of physiologic deficiencies of coagulation inhibitors,
as well as by the decreased fibrinolytic capacity. Developmental
hemostasis should be considered, as well as laboratory variations
of coagulation tests that may render any diagnosis of bleeding
disorder in infants difficult to establish.”

Infants of mothers who have received anticonvulsant drugs
during pregnancy may develop a serious coagulopathy similar to
that encountered with vitamin K deficiency.®® Vitamin K; admin-
istered to neonates usually reverses this bleeding tendency, but
deaths have occurred despite therapy. Other risk factors include
maternal use of drugs such as warfarin, rifampin, and isoniazid.
Breastfeeding may also be associated with severe vitamin K
deficiency.

POLYCYTHEMIA

Neonatal polycythemia (central hematocrit greater than 65%)
occurs in 3% to 5% of full-term neonates.”” Using M-mode
echocardiography, a study of neonates demonstrated an increase
in PVR with hyperviscosity.” Partial exchange transfusion to
reduce the hematocrit and decrease the blood viscosity improves
systemic and pulmonary blood flow and oxygen transport,
although one review questioned the efficacy when the exchange
transfusion was conducted after 6 hours of life in asymptomatic
infants.”’ The increased organ blood flow should prevent the
cardiovascular and neurologic symptoms associated with the
hyperviscosity syndrome.

Neurologic Development and Cognitive
Development Issues

NEUROLOGIC DEVELOPMENT

Reduction of perinatal mortality during the past decade has not
resulted in the expected reduction in the prevalence of cerebral
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palsy (1:500 live births). The most common etiologies of cerebral
palsy are perinatal ischemic stroke, white matter disorder, and
intrauterine inflammation.”” Less than 5% of cerebral palsy
results from perinatal asphyxia. The strongest predictors of cere-
bral palsy appear to be congenital anomaly, low birth weight, low
placental weight, multiple fetuses, or abnormal fetal position
before labor and delivery.”

The nervous system is anatomically complete at birth; func-
tionally it remains immature with the continuation of myelina-
tion and synaptogenesis. Myelination is usually complete by
7 years of age. An infant’s normal mental development depends
on the maturation of the central nervous system. This develop-
ment may be affected by physical illness, inadequate psychoso-
cial support, or bad nutrition conditions in preterm babies. In a
randomized trial of diet in preterm babies, a suboptimal diet
resulted in reduced intelligence quotients 7 to 8 years later.”

Recent controversies concerning the potential adverse effects
of anesthesia on the developing brain show how delicate this
organ is and how its development may be affected by environ-
mental agents™”® (see Chapter 23).

The rate of brain growth is different from the growth rate of
other body systems. The brain has two growth spurts, neuronal
cell multiplication between 15 and 20 weeks of gestation, and
glial cell multiplication commencing at 25 weeks and extending
into the second year of life. Myelination continues into the third
year. Malnutrition during this phase of neural development may
have profound handicapping effects.

Plasma membrane transport selectively promotes the passage
of essential substrates such as glucose, organic acids, and amino
acids across the blood-brain barrier. Hypoxemia and ischemia
may lead to a breakdown in this barrier, with resulting edema
and increased intracranial pressure. Injury to the blood-brain
barrier may result from abnormal entry of calcium or formation
of free radicals. Further studies of the mechanism of this break-
down will lead to rational approaches to therapy. In preterm
infants stressed by hypoxia, the blood-brain barrier may become
particularly permeable to the water-soluble unbound bilirubin,
with possible damage to the brain.”

Normal neonates show various primitive reflexes, which
include the Moro response and grasp reflex. Milestones of devel-
opment are useful indicators of mental development and possi-
ble deviations from normal. It should be appreciated, however,
that these milestones represent the average, and infants can vary
in their rates of maturation of different body functions and
still be within the normal range.”® The Denver Developmental
Screening Test is useful for assessing these milestones. The test
focuses on four areas: (1) gross motor function, (2) fine motor
and adaptive skills, (3) language, and (4) personal and social
skills. Developing infants rapidly acquire motor skills. For
effective movement, an infant needs postural control, which
develops in a cephalocaudal direction. It starts with head control
and progresses to sitting, standing, walking, and finally running
(Table 2-11).

TABLE 2-11 Relationship of Motor Milestones to Age

Motor Milestone Age
Supports head 3 months
Sits alone 6 months
Stands alone 12 months
Balances on one foot 3 years
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TABLE 2-12 Relationship of Fine Motor/Adaptive Milestones
to Age

Fine Motor/Adaptive Milestones Age
Grasps rattle 3 months
Passes cube hand to hand 6 months
Pincer grip 1 year
Imitates vertical line 2 years
Copies circle 3 years

Adaptive skills are performed through well-coordinated fine
motor movements (Table 2-12). Abnormal development may be
reflected in a delay in appearance of a particular milestone or in
its pathologic persistence with maturation in a child. For example,
at 20 weeks, a child reaches and retrieves objects, frequently
placing them in his or her mouth. As an infant matures, however,
this behavior pattern usually ceases at 12 to 13 months of age;
in infants with a developmental delay, this practice may continue
much longer.

Language development correlates closely with cognitive skills
(Table 2-13). Personal and social skills are modified by environ-
mental factors and cultural patterns (Table 2-14). Development
of walking, speech, and sphincter control are most important.
For appropriate evaluation consider familial patterns, level of
intelligence, and physical illness. Deafness may cause delayed
speech.

DEVELOPMENTAL ISSUES

Children with developmental issues are delayed in many aspects
of both cognitive and motor development. Smiling, vocalization,
sitting, walking, speech, and sphincter control are delayed. When
there is a delay in the eye following an object and the head
turning in response to sound, blindness and deafness may errone-
ously be diagnosed. Drooling, common in young infants, is
frequently prolonged for years in neurologically delayed children.
Initially, a mentally handicapped infant appears to be inactive

TABLE 2-13 Relationship of Language Milestones fo Age

Language Milestones Age

Squeals 1.5-3 months
Turns to voice 6 months
Combines two words 1.5 years
Composes short sentences 2 years
Gives entire name 3 years

TABLE 2-14 Relationship of Personal-Social Milestones to Age

Personal-Social Milestones Age
Smiles spontaneously 3 months
Feeds self crackers 6 months
Drinks from cup 1 year
Plays interactive games 2 years

and may be seen as a “good child.” The child later demonstrates
constant and sometimes uncontrollable overactivity. In diagnos-
ing a developmental abnormality, anesthesiologists must be
aware of possible pitfalls: Infants born prematurely will be
delayed and should be assessed in terms of their conceptional
age. Infants with cerebral palsy or sensory deficits (auditory and
visual) may have normal mental development, but the handicap
may interfere with assessment of mental status. The effects of
drugs should be considered (e.g., barbiturates for epilepsy).
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INTEREST IN CHILDREN'S PERIOPERATIVE behavior has increased dramati-
cally over the past 20 years. Specifically, the recognition of the
importance of developmental factors in perioperative research
has created a dramatic growth of investigation in this area. In this
chapter, we discuss developmental considerations that are rele-
vant to the child’s perioperative experience (cognitive develop-
ment, attachment and separation, temperament). We then offer
a review and synthesis of recent data on preoperative anxiety and
maladaptive behavioral and cognitive outcomes associated with
surgery and anesthesia.

Developmental Issues

COGNITIVE DEVELOPMENT AND UNDERSTANDING

OF ILLNESS

The perioperative period is stressful for many individuals under-
going surgery, and this is especially true for children. Children’s
stress during the perioperative period results from multiple
sources, one of which is a limited understanding of illness
and the need for surgery. Early developmental theorists (e.g.,
Piaget,"* Werner®) suggested that a child’s understanding of illness
changes qualitatively as cognitive maturation occurs. The most
widely cited model for understanding a child’s perspective on
illness posits that the child’s understanding of illness evolves
from prelogical explanations, such as phenomenism (e.g., magical
thinking), to concrete-logical explanations, such as contamina-
tion (e.g., eating bad food), to formal-logical explanations (e.g.,
physiologic causes), and differences in understanding occur
according to the child’s differentiation between the self and
others.*

Children’s understanding of the treatments for illnesses is
thought to follow a similar developmental pattern. In terms of
surgery, a child’s concepts are particularly underdeveloped.
Young children have difficulty defining “an operation,” suggest-
ing that it is the same as being sick, going for a doctor’s checkup,
or taking a nap.’ Given these developmental considerations, it is
not surprising that young children are more likely to have mis-
conceptions about hospitalization and surgery than are older
children and adults,® and therefore are at unique and disparate
risk for perioperative stress.

ATTACHMENT

Attachment style is another developmental consideration unique
to children in the perioperative setting. Although adults also
undergo separation from family, the separation of children from
their parents is particularly stressful and affected by the parent-
child relationship.

Coping with separation is a lifelong challenge that is inevi-
table and necessary for a child’s normal, healthy development.’
Separation experiences, such as saying good-bye at school or
sleeping overnight at a friend’s house, facilitate normal child-
hood psychological growth and personality organization by
mobilizing opportunities for learning and adaptation. Other
separation experiences, especially those occurring in the context
of loss, illness, or other stressors, can precipitate states of confu-
sion, anger, and anxiety. Brief separations, such as those associ-
ated with surgery, are most stressful for infants, toddlers, and
preschool-aged children. Indeed, for school-aged children,
responses to separation may reflect, in part, response patterns
established early in the preschool years.” For children with bio-
logically based vulnerabilities, such as a sensitivity to novelty and
changes in routines, even expected separations may impose a
greater degree of stress than for less sensitive children.” Similarly,
for children with developmental delay, separation may be expe-
rienced with a degree of anxiety and developmental stress more
like that experienced by a younger child.

Attachment affects a child’s response to separation and is
shaped through early experiences with the primary caregiver.
Through these interactions, an infant has the opportunity to
develop a sense of trust and security in the reliability and predict-
ability of his or her relationship and the world.® The style of
attachment exhibited by infants is evident in their responses to
brief separations from the primary caregiver and is conceptual-
ized as secure, insecure, or anxious.

Children who are more “securely attached” to their parents
deal more adaptively with the stress of brief separation and with
the novelty of the hospital experience. Such children are more
willing to explore their world and respond positively to their
caregivers’ return, using the caregivers as a secure, stable base
from which to approach strangers and new situations.”'’ In con-
trast, children classified as “anxiously attached” to their parents
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tend to be distressed in unfamiliar situations, like the periop-
erative environment, even in the presence of their caregivers.
When their parents return after brief separations, these infants
exhibit anger and distress and avoid physical contact. Another
form of “insecure attachment” is avoidance. Avoidant children
do not explore their surroundings as much as securely attached
infants, rarely show distress at separation, and tend to ignore
their parents on reuniting. Conversely, “insecurely attached”
infants are more easily distressed by even brief separations
and spend more time trying to stay close to their parents.
They are less likely to explore and adapt positively to new
situations.

TEMPERAMENT

Responses of young children to the stress of the perioperative
period also reflect the child’s temperament. Temperament refers
to stable emotional and behavioral responses (e.g., emotionality,
activity, attention, reactivity, sociability, etc.) that appear in
infancy and are thought to be primarily genetic in nature." Three
main dimensions have been proposed to classify infant tempera-
ment: emotionality, activity, and sociability."* Emotionality refers
to the ease with which an infant becomes aroused or anxious,
especially in situations that might lead to fear, such as periopera-
tive settings. Activity refers to the infant’s customary level of
energy and intensity of behavior. Sociability reflects the infant’s
tendency to approach or avoid others. These behavioral dimen-
sions of temperament are also reflected in physiologic responses
related to anxiety.”"* In long-term studies, infants who are inhib-
ited in the face of novelty continue to be so through early school
age.”® Thus, temperament as a behavioral descriptor appears to
characterize an enduring cluster of traits reflecting reactivity and
anxiety regulation in the face of novelty.

In light of these issues, the child’s developmental level is an
important consideration in the perioperative period, especially as
it relates to the child’s perioperative behavior. The remainder of
this chapter addresses specific behavioral issues related to surgery
in children, including anxiety in the preoperative period as well
as postoperative behavioral outcomes, such as emergence delir-
ium, sleep, and other maladaptive behavioral changes.

Preoperative Anxiety

Anxiety in children undergoing anesthesia and surgery is charac-
terized by feelings of tension, apprehension, and nervousness.'
This response is attributed to separating from parents, loss of
control, uncertainty about anesthesia, and uncertainty about the
surgery and its outcome.' It is estimated that 40% to 60% of
children develop significant fear and anxiety before their surgery."”
Furthermore, separation from parents and induction of anesthe-
sia have been found to be the most stressful times during the
surgical and anesthesia experience. Some children verbalize their
fears explicitly, whereas others express their anxiety only by
behavioral changes. Children may appear scared or agitated,
breathe deeply, tremble, stop talking or playing, and start to cry.
Some may wet or soil themselves, display increased motor tone,
and actively attempt to escape from medical personnel.'® These
behaviors may give children some sense of control in the situa-
tion and thereby diminish the damaging effects of a sense of
helplessness.''® In addition to the behavioral manifestations
detailed here, several studies have documented that anxiety
before surgery is associated with neuroendocrine changes, such
as increased serum cortisol, epinephrine, growth hormone, and

adrenocorticotropic hormone levels, as well as increased natural
killer cell activity.'*?® Significant correlations between heart rate,
blood pressure, and behavioral ratings of anxiety have also been
reported.?'*

RISK FACTORS

Preoperative anxiety is a clinically important phenomenon that
should be treated as any other clinical phenomenon or disease.
In epidemiologic terms, a// diseases are characterized operation-
ally by risk factors, interventions, and outcomes; preoperative
anxiety is no exception. We review the phenomenon of preopera-
tive anxiety using the classic epidemiologic model of a disease
(Fig. 3-1).

Identifying the risk factors for preoperative anxiety is impor-
tant because the routine use of pharmacologic and behavioral
interventions is associated with both advantages and disadvan-
tages. Routine administration of sedative premedication may
increase indirect pharmacy costs, the need for nursing staff, and
appropriately monitored bed space in the preoperative holding
area. Children undergoing extremely short outpatient procedures
may also experience delayed discharge. Similarly, behavioral
preparation programs administered preoperatively are associated
with increased hospital operational costs. Likewise, anxious chil-
dren can use hospital resources that would be reduced with
appropriate pharmacologic preparation. Thus, identifying chil-
dren who are at a particularly high risk for developing extreme
anxiety and distress before surgery would help guide the most
effective use of limited resources.

Variation in children’s behavioral responses to the periopera-
tive experience has its origin in at least four domains:
= Age and developmental maturity
m Previous experience with medical procedures and illness
m Individual capacity for affect regulation and trait (baseline)

anxiety
m Parental state (situational) and trait anxiety

Previous studies that examined the behavioral responses to
induction of anesthesia in children did so in terms of these four
domains.”% Children between the ages of 1 and 5 years are at
greatest risk for developing extreme anxiety and distress. This is
not surprising because separation anxiety often does not peak
until 1 year of age and children older than the age of 5 years
can more easily cope with new and unpredictable situations. A
history of previous stressful medical encounters, such as with
previous hospitalization, affects how a child reacts to new medical
encounters; these are important risk factors for preoperative
anxiety. Children who are shy and inhibited, as identified by
temperament tests, and those who lack good social adaptive abili-
ties, are also at increased risk for developing anxiety and distress
before surgery.”’

Parental characteristics also have a strong influence on a
child’s behavior during the perioperative experience. Children of
parents who are more anxious, children of parents who use avoid-
ance coping mechanisms, and children of separated or divorced
parents all appear to be at high risk for developing preoperative
anxiety.”® Because children of anxious parents are more likely to
experience high levels of preoperative anxiety, it is important to
identify the predictors of increased parental preoperative anxiety.
Parent gender (mothers are more anxious than fathers”), the
child’s age (under 1 year), children with repeated hospital admis-
sions, and the child’s temperament are all predictors of increased
parental preoperative anxiety.”®***!? Identification of children
and parents who are at the greatest risk for preoperative anxiety
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and distress allows for appropriate intervention for this “at risk”
population.

BEHAVIORAL INTERVENTIONS

Pharmacologic (e.g., administration of premedications) and
behavioral (e.g., psychological preparation programs) interven-
tions are used to treat preoperative anxiety and distress in chil-
dren and their parents."*

Preoperative Preparation Programs
Psychological preparation for children undergoing anesthesia and
surgery has been widely advocated. These preparation programs
may provide narrative information, an orientation tour of the
operative facility, role rehearsal using dolls, modeling using vid-
eotapes or a puppet show, child life preparation, or coping educa-
tion and relaxation skills.***¢

Although there is general agreement in the medical commu-
nity about the benefit of preparation programs, recommenda-
tions regarding the content of behavioral preoperative preparation
differ widely. Early programs were information oriented and
often incorporated modeling techniques using videos or a puppet
show.”*® These techniques were augmented in the late 1980s with
child life preparation and coping skills education.”® Child life
specialists are trained individuals who facilitate development of
coping skills and the adjustment of children and parents to
the perioperative environment by providing play experiences,
presenting information about events and procedures, and estab-
lishing supportive relationships with children and parents.** Cur-
rently, the development of coping skills is considered the most
effective preoperative intervention, followed by modeling, play
therapy, operating room (OR) tour, and printed material.” Inter-
estingly, coping skills preparation with child life specialists was
associated with less anxiety on the day of surgery when compared
to lesser rated techniques; however, no differences were found

immediately or up to 2 weeks after surgery.” Thus, from a cost-
effectiveness point of view, one must decide whether the addi-
tional cost associated with child life specialists is justified by
reduction of anxiety only during the preoperative period.

It is important that preparation programs are tailored to the
individual, age-appropriate needs of each child. Several variables
have been identified as influencing the response of children to
preparation programs.” For example, children who are 6 years of
age or older benefit most if they participate in a preparation
program more than 5 days before the scheduled surgery and
benefit least if the program is given only 1 day before surgery. In
fact, older children prepared a week in advance showed an zucrease
in anxiety level during and immediately after the preparation
program, but demonstrated a gradual decrease in anxiety during
the 5 days before the time of surgery." To avoid increasing exces-
sive anticipatory anxiety, older children should be given enough
time to process the new information and to rehearse newly
acquired coping skills. It is also important to realize that there
may be a negative effect of a preparation program on children
younger than 3 years of age. This may be a result of their inability
to distinguish fantasy from reality." A reality-based preparation
program may do little to calm young children and may even
exacerbate anxiety or sensitize the young child to the surgery.
From age 3 to 6 years, children demonstrate an increasing ability
to distinguish fantasy from reality and by the age of 6 this distinc-
tion is usually accomplished.! Therefore, to provide the most
benefit, both the age of the child and timing must be factored
into delivery of the program.

In addition to age and timing, previous experience in a hos-
pital setting also influences the effectiveness of a preparation
program. A child who was previously hospitalized is more likely
to develop an exaggerated emotional response to a behavioral
preoperative preparation program and the perioperative experi-
ence.”*** Information about what will occur, as demonstrated
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by sensory expectation and doll play, does nos provide new
information for these children. Furthermore, if the child has had
a previous negative medical experience, the routine preparation
may increase anxiety by triggering negative memories. In this
case, alternative behavioral interventions, such as extensive indi-
vidualized coping-skills training combined with desensitization
and actual practice, may be better suited and indicated.”
Because increased parental preoperative anxiety has been
shown to result in increased preoperative anxiety in their chil-
dren, preparation programs for surgery should also be directed
at parents.”® Although various interventions are routinely used to
reduce a child’s anxiety, there is a paucity of information regard-
ing interventions directed toward reducing parental anxiety.*
One study demonstrated that parental preoperative anxiety
decreased after viewing an educational videotape.” Most studies
to date suggest that preoperative preparation programs for chil-
dren reduce preoperative anxiety and enhance coping.***
Children whose parents have been taught to be active in
distracting their child during stressful medical events may evi-
dence lower anxiety compared to parents who receive no inter-
vention.” Indeed, this was the case in a randomized controlled
trial evaluating a family-centered behavioral preparation program
(ADVANCE) (Table 3-1). Parents and children who received

TABLE 3-1 The ADVANCE Preoperative Preparation Program

Anxiety reduction

Distraction on the day of surgery
Video modeling and education before surgery

Adding parents to the child's surgical experience and promoting
family-centered care

No excessive reassurance—a suggestion made to parents for
communication with children about surgery

Coaching of parents by researchers fo help them succeed

Exposure/shaping of the child via induction mask practice (the mask
placed over the child’s nose and mouth to deliver anesthetic drugs)

Reproduced with permission from Kain ZN, Caldwell-Andrews AA, Mayes LC, et al.
Family-centered preparation for surgery improves perioperative outcomes in chil-
dren: a randomized controlled trial. Anesthesiology 2007;106:65-74.

TABLE 3-2 Perioperative Outcomes of the ADVANCE Program

ADVANCE were less anxious before and during induction of
anesthesia than parents and children who did not receive this
program. In fact, ADVANCE was as successful as midazolam in
managing children’s compliance with and anxiety at induction
of anesthesia (Table 3-2).* It is important to note that ADVANCE
also decreased the time spent in the postanesthesia care unit and
decreased the analgesic requirements during the postoperative
period. A major disadvantage of ADVANCE, however, is its high
cost and personnel requirements. Accordingly, efforts to dis-
mantle this multimodal intervention indicate that behavioral
shaping through exposing children to the anesthesia mask before
surgery and distraction on the day of surgery proved to be the
most effective components of the program.*

Parental Presence during Induction of Anesthesia

It is well established that most parents and children prefer to
remain together during procedures such as immunization, bone
marrow aspiration, and dental treatment.’®' Several survey
studies have also indicated that most parents prefer to be present
during induction of anesthesia regardless of the child’s age or
previous surgical experience.”> This is even the case for those
parents who have had previous experience with pharmacologic
interventions. Indeed, parents of children undergoing repeated
surgery were likely to request parental presence regardless of their
experience with prior parental presence or premedication with
midazolam.*® That is, even if children were calm after midazolam
during their first surgery, parents still preferred to be present
during induction of anesthesia during subsequent surgeries.

It is important to note, however, that parental presence during
induction of anesthesia (PPIA) does not necessarily equate with
appropriate choice of interventions. For example, mothers who
were most highly motivated to be present at induction of anes-
thesia also reported high levels of anxiety and their children were
more distressed at induction.” Indeed, more than 90% of parents
report some degree of anxiety during the anesthesia induction
process.” The most upsetting factors include seeing their child
become flaccid during induction and separation from their
child.*® This observation was confirmed by a study that examined
heart rate, blood pressure, and skin conductance levels in mothers
as they observed their child’s induction of anesthesia.”” Mothers

Study Group

Control Parental Presence ADVANCE Midazolam

(n=199) (n=94) (n=96) (n=98) P Value" Effect Size (95% CI)7
Children’s Anxiety (mYPAS)
Holding area 3616 35116 31 +12% 37117 0.001 0.54 (0.78-0.30)
Introduction of mask at induction 52+26 50 + 26 43 + 23t 40 + 24 0.018 0.33 (0.58-0.08)
Postanesthesia Care Unit
Fentanyl consumption (ug/kg) 1.37 £ 2.00 0.81+1.00 0.41 +1.00* 123+2 0.016 0.54 (0.75-0.24)
Time until discharge (min) 120 + 48 122 + 44 108 + 46° 129 + 44 0.040 0.34 (0.60-0.09)

Reproduced with permission from Kain ZN, Caldwell-Andrews AA, Mayes LC, et al. Family-centered preparation for surgery improves perioperative outcomes in children:

a randomized controlled frial. Anesthesiology 2007;106:65-74.

Cl, Confidence interval; mYPAS, modified Yale Preoperative Anxiety Scale.
ADVANCE group anxiety scores:

*Significantly less than those in all other groups, P < 0.01.

fSignificantly less than those in the control and parental presence groups, P < 0.05.
*Significantly less than those in the control and midazolam groups, P < 0.01.
8Significantly less than those in the midazolam group, P < 0.01.

IIP values for parental presence and control groups = 0.07.

TCohen's d effect sizes were calculated for the infervention group vs. other groups combined.
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who were present during induction of anesthesia showed a mod-
erate increase in heart rate and blood pressure (Fig. 3-2). However,
no cardiac arrhythmias or ischemic episodes were noted. Another
study examined whether parental auricular acupuncture would
reduce parental preoperative anxiety and thus allow children to
benefit from parental presence during induction of anesthesia.’®
A multivariate model demonstrated that children whose mothers
had received the acupuncture intervention were significantly less
anxious on entrance to the OR and during placement of the
anesthesia mask on their child’s face.

Potential benefits from PPIA include minimizing the need for
premedication and avoiding the screaming and struggling of the
child that may result on separation from the parents. Whether
PPIA decreases child anxiety during induction and affects the
long-term behavior effects of surgery and anesthesia remain con-
troversial. Common objections to PPIA include concern about
disruption of the OR routine, compromising operative sterility,
crowded ORs, and a possible adverse reaction of the parent. For
some children, their behavioral response to stress may be more
negative when a parent is present than when the parent is absent.”
In several reports, PPIA resulted in disruptive behavior, parents
refusing to leave the room when requested, and even removal of
a child from the OR by a grandmother during the second stage
of anesthesia.®**! However, one report has described a 4-year
experience with 3086 children in a freestanding ambulatory
surgery center in which no parent needed to be escorted from
the OR because of undue anxiety and only two parents devel-
oped syncope, with prompt recovery.® Despite objections, the
prevalence of PPIA is becoming more common in the United
States. In fact, there has been an increase in the overall prevalence
in PPIA from 1995 to 2002, and geographic differences in PPIA
use decreased during the 7-year period (Fig. 3-3).¢

The experimental evidence to date does not clearly support
the routine use of PPIA.**" Although early studies suggested
reduced anxiety and increased cooperation if parents were present
during induction,®®*’ more recent investigations indicate that
routine PPIA may not always be beneficial.®**” Characteristics of

the parent and child have an impact on the effectiveness of
parental presence. For example, older children (over 4 years),
children with a “calm” and less active baseline temperament,
parents with less situational anxiety, and parents with lower exter-
nal locus of control benefit most from PPIA.**® The match
between parent and child anxiety level also appears to be impor-
tant. Calm children with anxious parents do more poorly during
induction when compared with calm children with calm parents
or anxious children with either calm or anxious parents.”” When
interpreting the results of these studies, however, several factors
should be considered. First, the design of a randomized con-
trolled study, while considered a gold standard in research, may
not reflect the practice of all anesthesiologists. That is, although
a randomized controlled study is applicable to centers that offer
PPIA for all parents, it may not be applicable to centers in which
each request for PPIA is considered individually based on per-
sonality characteristics of each child and parent. Such centers may
have different results with PPIA than were demonstrated in
experimental studies. Second, allowing PPIA without adequate
preparation of the parent may be counterproductive. Some
parent behaviors, such as criticism, excessive reassurance, and
commands, are associated with greater distress.””

Given these drawbacks, interest in this area has begun to shift
toward an emphasis on what parents actually do during induction
of anesthesia. The development of a new tool for assessing child
and adult behavior in the perioperative setting (Perioperative
Child-Adult Medical Procedure Interaction Scale [P-CAMPIS])
has been developed to facilitate such research (Fig. 3-4).”" Prelimi-
nary validation of this measure indicates that parental behavior
affects the child’s anxiety during induction much as it affects a
child’s distress during immunizations.

The Preoperative Interview

Although not obvious, the preoperative interview is a behavioral
intervention that is routinely administered to a// children under-
going anesthesia and surgery.” It is clear that anesthesiologists
have an ethical and legal responsibility to disclose to children
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FIGURE 3-3 A, Frequency of parental presence during induction of anesthesia (PPIA) practice in the United States as of 2002. B, Frequency of PPIA practice
in the United States as of 1995/1996. Data reported are medians (range, 0%-100%). (From Kain ZN, Caldwell-Andrews AA, Krivutza DM, et al. Trends in the
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FIGURE 3-4 The conceptual framework that underlies the relation
between a child’s preoperative anxiety, parental behaviors, health care
provider's behaviors, moderating variables, and postoperative recovery.
C, Child; P, parent; P-CAMPIS, Perioperative Child-Adult Medical Procedure
Interaction Scale. (From Caldwell-Andrews AA, Blount RL, Mayes LC,

Kain ZN. Behavioral inferactions in the perioperative environment:
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child-adult medical procedure inferaction scale. Anesthesiology
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and parents detailed anesthetic risk information when obtaining
informed consent, but how far this disclosure must extend
remains controversial. A common reason given for not providing
detailed anesthetic risk information is that it may increase the
child’s or parents’ anxiety. Comparative studies investigating
anxiety levels in adult patients given a limited amount of infor-
mation, versus more detailed information concerning procedural
and anesthetic risks, report conflicting results. Although early
studies provided mixed data regarding whether detailed informa-
tion delivered preoperatively increased anxiety,”” several studies
in the United States and Australia have demonstrated that
patients and parents who received detailed information, includ-
ing numerical estimates of anesthesia-related complications, were
no more anxious than those given minimal information regard-
ing risks.”*”® Purthermore, parents have expressed their desire
to have as much perioperative information about their child’s

surgery as possible,”” and even children have expressed a desire
for detailed perioperative information, including information
about pain, anesthesia, and potential complications.” Thus, the
presentation of very detailed anesthetic information of what
might go wrong should not increase parental or patient anxiety
and has the advantage of allowing for fully informed choices. It
should be emphasized, however, that anesthesiologists should
note the particular coping style of the parents. Parents use differ-
ent strategies to cope with or handle difficult, unclear, or unpleas-
ant life experiences, such as a child undergoing surgery. Whereas
some parents try to avoid information about unpleasant or
unclear situations (“avoidance behavior”), others may seek any
available information (“monitoring behavior”).*® Although a
“monitoring” parent will benefit from a large amount of periop-
erative information, an “avoiding” parent may react to the infor-
mation with increased anxiety and distress. Thus, the amount of
information provided should be tailored to the needs of the
individual parent.

HEALTH CARE PROVIDER INTERVENTIONS

In addition to behavioral interventions targeting children and
their parents, a promising new line of research supports the use
of behavioral interventions targeting health care providers—both
anesthesiologists and nurses. Specifically, an empirically derived
intervention titled Provider-Tailored Intervention for Periopera-
tive Stress (P-TIPS) was shown to be successful in changing
anesthesiologist and nurse behaviors in the perioperative setting
and represents a new clinical avenue for decreasing perioperative
anxiety in children.®! The development of P-TIPS was based on
research documenting that adult behaviors (parents and health
care providers) affect children’s distress during invasive medical
procedures, including surgery. Specifically, the use of distraction,
nonprocedural talk, and humor are conceptualized as “coping
promoting” behaviors and have been shown to decrease chil-
dren’s distress.* ¥ Conversely, adults’ use of reassurance, apology,
empathy, criticism, or allowing the child too much control over
the medical procedure are conceptualized as “distress promoting”
behaviors and lead to increased distress in children.®*% With
P-TIPS, a new behavior that affected child distress also emerged:
medical reinterpretation (i.e., reconceptualizing medical experi-
ences and equipment as nonthreatening) and was found to



increase a child’s coping when used with medical experiences that
were in the child’s immediate environment, but increase distress
when used in reference to objects outside of the immediate
environment.”

Preliminary investigation revealed that P-TIPS was successful
at both increasing desired behaviors (coping promoting) and
decreasing undesired (distress promoting) behaviors among
health care providers.®' Both resident and attending anesthesi-
ologists were included in this study and evidenced behavior
change, as did OR nurses, who were charged with not only
changing their own behaviors, but with changing parent behav-
iors in the perioperative setting as well. In fact, nurses demon-
strated appropriate behavior change and, in turn, parents
demonstrated increases in desired and decreases in undesired
behaviors. One important benefit to the type of approach offered
by P-TIPS is that it is not necessary to conduct individual train-
ing with parents of children undergoing surgery, rather health
care providers who interact with multiple children and parents
are targeted, which reduces both logistical and financial con-
straints of behavioral interventions.

PHARMACOLOGIC INTERVENTIONS

The primary goals of administering a premedication to children
are to facilitate an anxiety-free separation from their parents and
a smooth, stress-free induction of anesthesia. Other effects that
may be achieved by pharmacologic preparation of the child
include amnesia, anxiolysis, prevention of physiologic stress (e.g.,
avoiding tachycardia in patients with cyanotic congenital heart
disease), and analgesia (see Chapter 4).

The pattern of use of sedative premedications in the United
States has changed over the past decade. Premedication use varied
widely among age groups and geographic locations in 1996.%
Premedicant sedative drugs were least often prescribed for chil-
dren younger than 3 years of age and most often prescribed for
adults younger than 65 years of age (25% vs. 75%). When ana-
lyzed by geographic location, sedative premedications were used
least often in the southwest and northeast regions and most often
in the southeast region. A follow-up study revealed several inter-
esting changes (Fig. 3-5).° Most notably, the overall number of
children undergoing surgery with premedication increased from
30% to 50%. There was also significantly less geographic vari-
ability in premedication use in 2002 than there was in 1996. In
both years, the most commonly used sedative premedicant in the
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preoperative holding area was midazolam, followed by ketamine,
transmucosal fentanyl, and meperidine. When data from several
survey studies were reviewed, it was noted that anesthesiologists
from the United States who allowed PPIA least used sedative
premedication most frequently.®*! Thus, most anesthesiologists
in the United States use either parental presence or sedative pre-
medication to treat preoperative anxiety in children.

PHARMACOLOGIC INTERVENTIONS VERSUS

BEHAVIORAL INTERVENTIONS

When pharmacologic interventions are directly compared with
behavioral interventions, children receiving a sedative are less
anxious and more compliant than those who are accompanied
to the OR by a parent.”” Interestingly, parental anxiety is also
decreased when the child receives a premedication. Examining
both sedative premedication and PPIA revealed that a combina-
tion of PPIA and sedative premedication was more effective than
medication alone for reducing parent anxiety and improving
parent satisfaction.” However, PPIA offered no additional anx-
iolysis for children who received a sedative preoperatively. None-
theless, parents who accompanied their sedated children into
the operating rooms were themselves significantly less anxious
and more satisfied both with the separation process and with
the overall anesthetic, nursing, and surgical care provided. It is
important to note that these parents had no preparation for their
presence at anesthesia induction. Premedication combined with
an advanced behavioral preparation resulted in similar outcomes
on child and parent anxiety at induction and child compliance
with induction.*”® Furthermore, children who received behavioral
preparation evidenced significantly less emergence delirium and
required less analgesia in the recovery room compared with chil-
dren who received only premedication.

In conclusion, although sedative premedications are effective
for treatment of preoperative anxiety, they should 7ot be used
routinely in all children undergoing surgery. Their use should be
directed to children who are at a significant risk for the develop-
ment of preoperative anxiety. Variables, such as age, duration of
surgery, and potential recovery delays, should also be considered.
However, it is important to not withhold premedication if that
premedication would likely be of benefit to a selected child. For
example, a child undergoing a very brief procedure who is very
anxious would likely benefit from a premedication regardless of
the negative effects on recovery and discharge.
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FIGURE 3-5 A, Frequency of sedative premedication practice in the United States as of 2002. B, Frequency of sedative premedication practice in the United
States as of 1996. Data reported are medians (range, 0%-100%). (From Kain ZN, Caldwell-Andrews AA, Krivutza DM, et al. Trends in the practice of parental
presence during induction of anesthesia and the use of preoperative sedative premedication in the United States, 1995-2002: Results of a follow-up national

survey. Anesth Analg 2004;98:1252-9.)
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Postoperative Outcomes

Four decades ago, it was proposed that moderate levels of preop-
erative anxiety in adult patients were associated with good post-
operative behavioral recovery, whereas low and high levels of
preoperative anxiety were associated with poor behavioral recov-
ery.”® Although this theory is intriguing, these studies were based
on descriptive data from nonrandom, limited samples and retro-
spective reports of questionable validity. Subsequent studies have
reported a linear rather than a curvilinear relationship between
anxiety level and postoperative behavioral recovery.”*” In
addition, increased preoperative anxiety in adult patients corre-
lates with increased postoperative pain, increased postoperative
analgesic requirements, prolonged recovery and hospital stay,
and behavioral changes after surgery.”**'*" Anxious children
have been shown to experience significantly more pain both
during the hospital stay and over the first 3 days at home'* (Fig.
3-6). During home recovery, anxious children also consumed
significantly more codeine and acetaminophen compared with
nonanxious children. Anxious children also had a greater inci-
dence of emergence delirium (9.7% vs. 1.5%), postoperative
anxiety, and sleep problems compared with nonanxious children.
The investigators concluded that preoperative anxiety in young
children undergoing surgery is associated with a more painful
postoperative recovery and a greater incidence of disrupted sleep
and other problems.'” Moreover, a recent study suggests that
perioperative anxiety—not just preoperative anxiety—is associated
with poorer surgical outcomes.'” That is, children have tradition-
ally been conceptualized as anxious or nonanxious via assess-
ment of anxiety in children before surgery, such as in the
presurgical holding area or at the point of induction in the OR.
By contrast, this study examined anxiety in children throughout
the perioperative continuum (pre- and postoperatively) and rep-
licated findings of associations between perioperative anxiety and
both postoperative pain and new-onset behavioral changes.'®
The assumption that minimal preoperative anxiety predicts
good postoperative outcomes underlies many interventions in
which the aim is to reduce preoperative anxiety. To date, preop-
erative preparation studies in adult patients have used diverse
postoperative outcome measures, including intensity of pain,
analgesic requirements, postsurgical complications, length of
hospital stay, patient satisfaction, blood cortisol levels, changes
in blood pressure and heart rate, and behavioral indices of recov-
ery.*1%11! Reviews of this research, while critical of the method-
ology, concluded that psychologically prepared adult patients
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FIGURE 3-6 Children’s self-reported postoperative pain as a function of
preoperative anxiety. (From Kain ZN, Mayes LC, Caldwell-Andrews AA,

et al. Preoperative anxiety, postoperative pain, and behavioral recovery in
young children undergoing surgery. Pediatrics 2006;118:651-8.)

may have improved postoperative recovery.”” !> As noted
previously, children who received the ADVANCE preoperative
program were less anxious preoperatively and experienced a
reduced incidence of emergence delirium, had a briefer stay in
the recovery area, reported less postoperative pain, and required
fewer analgesics as compared with a control group.®

EMERGENCE DELIRIUM

The first maladaptive behavioral change in children that may be
evident after surgery is emergence delirium. This phenomenon is
characterized by nonpurposeful restlessness and agitation, thrash-
ing, crying or moaning, and disorientation. Published studies
have reported up to 18% of all children undergoing surgery and
anesthesia develop emergence delirium.'* Factors such as young
age, previous surgery, type of procedure, and type of anesthetic
all affect the incidence of emergence delirium.!"*!"* Preoperative
anxiety has also been shown to be related to emergence delir-
ium.">!"¢ Burthermore, preoperative anxiety, emergence delir-
ium, and postoperative maladaptive behavior changes have been
shown to be closely related phenomena. One study found that
the odds of children experiencing marked symptoms of emer-
gence delirium increased in proportion with their preoperative
anxiety scores, and that the odds of the onset of new maladaptive
behavioral changes also increased with the presence of emergence
delirium.'” This finding is highly significant to practicing clini-
cians, who can now predict the development of adverse postop-
erative phenomena, such as emergence delirium and postoperative
behavioral changes, based on levels of preoperative anxiety.

SLEEP CHANGES

Changes in sleep patterns in the postoperative period have been
well documented in adults and children. One study reported that
47% of children experienced sleep disturbances after anesthesia''’
and approximately 14% of children showed significant decreases
in percentage of time spent asleep (in both REM and non-REM
sleep) after surgery. The most common predictor of sleep difficul-
ties after surgery has been postoperative pain,'® but psychologi-
cal variables have also been shown to be important. Specifically,
parental personality measures of anxiety and child measures of
externalizing behavior have both been found to predict sleep
efficiency in children after surgery.

OTHER BEHAVIORAL CHANGES

In addition to sleep, changes in daytime behavior in children
after surgery and anesthesia have also been documented. A
number of studies have indicated that up to 60% of children
undergoing outpatient surgery may develop negative postoperative
behavioral changes within 2 weeks after surgery.'”'?' These nega-
tive postoperative behaviors include sleep and eating distur-
bances, separation anxiety, apathy, withdrawal, and new-onset
enuresis.”'*!?! In fact, some children may develop long-lasting
psychological effects that could have an impact on their responses
to subsequent medical care. Interference with normal develop-
ment has also been described.'”? A significant number of children
demonstrate new negative behaviors postoperatively, such as new
onset of general anxiety, nighttime crying, enuresis, separation
anxiety, temper tantrums, and sleep or eating disturbances. These
behaviors may occur in up to 44% of children 2 weeks after
surgery; about 20% of these children continue to demonstrate
negative behaviors up to 6 months postoperatively.”> The post-
operative negative behavioral changes are likely the result of an
interaction between the distress the child experiences during the



perioperative period and the individual personality characteristics
of the child. Previously, variables such as the age and tempera-
ment of the child and the state and trait anxiety of the parent
have been identified as predictors for the occurrence of negative
postoperative behavioral changes.” There is a paucity of data,
however, regarding a possible association between the distress the
child experiences during induction of anesthesia and the occur-
rence of these negative postoperative behavioral changes. One
investigation concluded that extreme anxiety, such as that which
occurs with a “stormy induction” of anesthesia, was associated
with an increased incidence of postoperative negative behavioral
changes.'” The investigators recommend that anesthesiologists
advise parents of children who are anxious during induction of
anesthesia of the increased likelihood that their children will
develop postoperative negative behavioral changes, such as night-
mares, separation anxiety, and aggression toward authority.'”

Because the anxiety level of the child and mother in the
preoperative holding area predicts the occurrence of negative
postoperative behavioral problems,” it can be hypothesized that
if sedative premedications reduce anxiety of the child and the
parents in the preoperative holding area, they may also have an
effect on negative postoperative behavioral outcomes.”” One
investigation of premedicated children found a significantly
reduced incidence of negative behavioral changes during week 1
after surgery.””* This study suggests that reducing anxiety in
the holding area has a beneficial effect on the behavior of the
child preoperatively, as well as in the immediate postoperative
period.'”

Intraoperative Clinical Outcomes

It is commonly believed that increased anxiety before surgery is
associated with increased intraoperative anesthetic require-
ments.”>'* This belief, however, is based on early studies of
questionable scientific validity,"**'# many of which did not use
validated scales to measure anxiety or control for potential con-
founding variables, such as sedative premedication and the surgi-
cal procedure.”” One investigation indicated that an increased
baseline (i.e., trait) anxiety is associated with increased intraopera-
tive anesthetic requirements in adults. The investigators in that
study controlled for the surgical procedure, used bispectral elec-
troencephalographic analysis (bispectral index) monitoring to
ensure the same anesthetic depth in all patients, and used a total
intravenous anesthetic technique to ease the calculation of the
anesthetics used.’?® As such, it does seem clear that an increased
baseline, or trait, anxiety is associated with increased intraopera-
tive anesthetic requirements.

Although several review articles suggest that increased anxiety
before surgery and anesthesia is associated with postoperative
nausea and vomiting,'”* experimental data suggest that a child’s
anxiety in the preoperative holding area is not predictive of
postoperative nausea and vomiting either in the postanesthesia
care unit or at home."’

Summary

Approximately 3 million children undergo anesthesia and surgery
in the United States every year. It is reported that 40% to 60%
of these children develop behavioral stress before their surgery.
Multiple interventions have been proposed to treat the preopera-
tive behavioral stress response in children. Currently, however,
there is a trend toward a reduction in both behavioral and
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pharmacologic preoperative interventions aimed at children. One
possible reason for this trend may be that some physicians believe
that reducing parental anxiety during the preoperative period is
a surrogate outcome. Rather than evaluating the effects of various
preoperative interventions on the transient preoperative behavior,
some believe that we should concentrate on research directed at
demonstrating that a reduction in preoperative anxiety can dra-
matically change postoperative outcomes. It is well established
that low levels of preoperative anxiety are associated with good
postoperative behavioral recovery, whereas moderate and high
levels of preoperative anxiety are associated with poor postopera-
tive behavioral recovery. A far more intriguing question is the
possible association between preoperative anxiety and postopera-
tive clinical recovery; quality research needs to be developed
regarding the relationship between preoperative anxiety and post-
operative recovery. Further, shifting research focus toward devel-
opment of economically and clinically feasible interventions that
can be delivered to the large numbers of children undergoing
surgery each year is vital. Accordingly, incorporating web-based
technologies and changes in institutional practice (i.e., changing
health care provider behaviors) represent two promising new
avenues of intervention.

ANNOTATED REFERENCES

Kain ZN, Caldwell-Andrews AA, Mayes LC. Parental intervention
choices for children undergoing repeated surgeries. Anesth Analg
2003;96:970-5.

Children were assigned to parental presence at induction (PPLA), premedication
with midazolam, PPIA + premedication, or no intervention at initial surgery.
Children were then_followed up at subsequent surgery and parental preference
Jfor intervention was assessed. Of parents whose children were assigned to
PPIA, 70% would choose PPIA as intervention again. Of those assigned to
premedication, only 23% would choose premedication again. Regardless of
prior intervention, parents at subsequent surgery favored PPIA. Children’s
and parents’ anxiety also affected parental preference for intervention.

Kain ZN, Caldwell-Andrews AA, Mayes LC, et al. Family-centered pre-
paration for surgery improves perioperative outcomes in children:
a randomized controlled trial. Anesthesiology 2007;106:65-74.

This study evaluated the efficacy of a family-centered behavioral preparation
program (ADVANCE) for children undergoing outpatient surgery (n =408).
Children were randomly assigned to no intervention, ADVANCE + PPIA,
PPIA without advance, and midazolam premedication. Children in
ADVANCE + PPIA displayed significantly less anxiety at induction than
no intervention or PPLA alone. Anxiety and compliance in the ADVANCE
+ PPIA group were comparable to premedication. ADVANCE + PPLA was
superior to all other groups on postoperative recovery variables.

Kain ZN, Hofstadter MB, Mayes LC, et al. Midazolam: Effects on
amnesia and anxiety in children. Anesthesiology 2000;93:676-84.
These researchers assessed children’s memory at baseline and in four randomly
assigned groups (5, 10, and 20 minutes post midazolam administration, and
no midazolam [control]) of children (n = 118). Compared with controls, recall
memory was impaired for children in the 10- and 20-minute post-midazolam
groups. All midazolam groups demonstrated recognition deficits when com-
pared with controls. In terms of perioperative anxiely, significant effects of

midazolam were evidenced at approximately 15 minutes.

Kain ZN, Mayes LC, Caldwell-Andrews AA, et al. Preoperative anxiety
and postoperative pain and behavioral recovery in young children
undergoing surgery. Pediatrics 2006;118:651-8.

This study assessed preoperative anxiety and postoperative pain and behavioral
outcomes afier surgery in 241 children. Children who displayed more preopera-
tive anxiely were rated as having bigher pain afier surgery by their parents.
Anxious children also consumed more analgesics at home affer surgery and
were more likely to experience emergence delirium and postoperative sleep
disturbances.




Kain ZN, Mayes LC, Wang SM, et al. Parental presence during induction
of anesthesia vs. sedative premedication: which intervention is more
effective? Anesthesiology 1998;89:1147-56.

Eighty-eight children undergoing outpatient surgery were randomly assigned to
parental presence at anesthesia induction, midazolam premedication, or no
intervention. Children in the midazolam group exhibited significantly less
perioperative anxiety than children in the parental presence or no intervention
groups.
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Preparation of Children for Anesthesia

FASTING
Infants and children are fasted before sedation and anesthesia to
minimize the risk of pulmonary aspiration of gastric contents. In
a fasted child, only the basal secretions of gastric juice should be
present in the stomach. In 1948, Digby Leigh recommended a
1-hour preoperative fast after clear fluids. Subsequently, Mendel-
son reported a number of maternal deaths that were attributed
to aspiration at induction of anesthesia.! During the intervening
20 years, the fasting interval before elective surgery increased to
8 hours after all solids and fluids. In the late 1980s and early
1990s, an evidence-based approach to the effects of fasting inter-
vals on gastric fluid pH and volume concluded that fasting more
than 2 hours after clear fluids neither increased nor decreased the
risk of pneumonitis should aspiration occur.”™® In the past, the
risk for pneumonitis was reported to be based on two parameters:
gastric fluid volume greater than 0.4 mL/kg and pH less than 2.5;
however, these data were never published in a peer-reviewed
journal."'! In a monkey, 0.4 mL/kg of acid instilled endobronchi-
ally, equivalent to 0.8 mL/kg aspirated tracheally, resulted in
pneumonitis.'”” Using these corrected criteria for acute pneu-
monitis (gastric residual fluid volume greater than 0.8 mL/kg and
pH less than 2.5), studies in children demonstrated no additional
risk for pneumonitis when children were fasted for only 2 hours
after clear fluids.”’

The incidence of pulmonary aspiration in modern routine
elective pediatric or adult cases without known risk factors is

small.”"® This small risk is the result of a number of factors
including the preoperative fasting schedule. The half-life to empty
clear fluids from the stomach is approximately 15 minutes (Fig.
4-1); as a result, 98% of clear fluids exit the stomach in children by
1 hour. Clear liquids include water, fruit juices without pulp, car-
bonated beverages, clear tea, and black coffee. Although fasting
for 2 hours after clear fluids ensures nearly complete emptying
of the residual volume, extending the fasting interval to 3 hours
introduces flexibility in the operative schedule. The potential
benefits of a 2-hour fasting interval after clear fluids include a
reduced risk of hypoglycemia, which is a real possibility in chil-
dren who are debilitated, have chronic disease, are poorly nour-
ished, have metabolic dysfunction, or are preterm or formerly
preterm infants."”?° Additional benefits include decreased thirst,
decreased hunger (and thus reduced temptation that the fasting
child will “steal” another child’s food), decreased risk for hypo-
tension during induction, and improved child cooperation.”!*!

A scheduled operation on a preterm infant or neonate may
occasionally be delayed, thus extending the period of fasting to
a point that could be potentially dangerous (i.e., from hypogly-
cemia or hypovolemia). In this circumstance, the infants should
be given glucose-containing intravenous maintenance fluids
before induction of anesthesia. Alternatively, if the period may
be protracted, the infant should be offered clear fluids orally until
2 hours before induction.

Breast milk, which can cause significant pulmonary injury if
aspirated,” has a very high and variable fat content (determined
by maternal diet), which will delay gastric emptying.?' Breast milk
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FIGURE 4-1 Clear liquids are rapidly absorbed from the stomach with a
half-life of approximately 15 minutes. In this figure, for example, 200 mL of
apple juice would be reduced to 12.5 mL after 60 minutes. (Data abstracted

from Hunt JN, MacDonald M. The influence of volume on gastric
emptying. J Physiol 1954;126:459-74.)

should not be considered a clear liguid” Two studies estimated the
gastric emptying times after clear fluids, breast milk, or formula
in full-term and preterm neonates.”** The emptying times for
breast milk in both age groups were substantively greater than
for clear fluids, and the gastric emptying times for formula were
even greater than those for breast milk. With half-life emptying
times for breast milk of 50 minutes and for formula of 75 minutes,
fasting intervals of at least 3.3 hours for breast milk and 5 hours
for formula are required. More importantly, perhaps, was the
large (15%) variability in gastric emptying times for breast milk
and formula in full-term infants (E-Fig. 4-1). Based in part on
these data, the Task Force on Fasting of the American Society of
Anesthesiologists (ASA) issued the following guidelines: for
breast milk, 4 hours; and for formula, 6 hours (Table 4-1)."

Children who have been chewing gum must dispose of the
gum by expectorating it, not swallowing it. Chewing gum
increases both gastric fluid volume and gastric pH in children,
leaving no clear evidence that it affects the risk of pneumonitis
should aspiration occur.” Consequently, we recommend that if
the gum is discarded, then elective anesthesia can proceed
without additional delay. If, however, the child swallows the gum,
then surgery should be cancelled, because aspirated gum at body
temperature may be very difficult to extract from a bronchus or
trachea.

Children can never be trusted to fast. Therefore, anesthesiolo-
gists must always be suspicious and question children just before
induction as to whether they have eaten or drunk anything
(although the veracity of the answer may always be questioned
as well). It is not unusual to find bubble gum, candy, or other
food in a child’s mouth. This is another reason to ask children
to open their mouth fully and stick out their tongue during the
preoperative examination of the airway.

When the anesthesiologist suspects that the child has a full
stomach, induction of anesthesia should be adjusted appropri-
ately. The incidence of pulmonary aspiration of gastric contents
during elective surgery in children ranges from 1:1163 to
1:10,000, depending on the study.”'¥ In contrast, the fre-
quency of pulmonary aspiration in children undergoing emer-
gency procedures is several times greater, 1:373 to 1:4544.” Risk
factors for perianesthetic aspiration included neurologic or
esophagogastric abnormality, emergency surgery (especially at

TABLE 4-1 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

From Warner MA, Caplan RA, Epstein B. Practice guidelines for preoperative fasting
and the use of pharmacologic agents fo reduce the risk of pulmonary aspiration:
application fo healthy patients undergoing elective procedures. A report by the
American Society of Anesthesiologists Task Force on Preoperative Fasting. Anes-
thesiology 1999;90:896-905.

*Include only fluids without pulp, clear tea, or coffee without milk products.
*Some cenfers allow plain toast (no dairy products) up to 6 hours prior to
induction.

night), ASA physical status 3 to 5, intestinal obstruction, increased
intracranial pressure, increased abdominal pressure, obesity, and
the skill and experience of the anesthesiologist."

The majority of aspirations in children occur during induction
of anesthesia, with only 13% occurring during emergence and
extubation. In contrast, 30% of the aspirations in adults occur
during emergence. Bowel obstruction or ileus was present in the
majority of infants and children who aspirated during the peri-
operative period in one study, with the risk increasing in children
younger than 3 years of age.”” A combination of factors predis-
pose the infant and young child to regurgitation and aspiration,
including decreased competence of the lower esophageal sphinc-
ter, excessive air swallowing while crying during the preinduction
period, strenuous diaphragmatic breathing, and a shorter esopha-
gus. In one study, almost all cases of pulmonary aspiration
occurred either when the child gagged or coughed during airway
manipulation or during induction of anesthesia when neuro-
muscular blocking drugs were not provided or before the child
was completely paralyzed.”’

When children do aspirate, the morbidity and mortality are
exceedingly small for elective surgical procedures and generally
reflect their ASA physical status. In general, most ASA 1 or 2
patients who aspirate clear gastric contents have minimal to no
sequelae.”*” If clinical signs of sequelae from an aspiration in a
child are going to occur, they will be apparent within 2 hours
after the regurgitation.”” The mortality rate from aspiration in
children is exceedingly low, between zero and 1:50,000."*%

PIERCINGS

Body piercing is common practice in adolescents and young
adults. Single or multiple piercings may appear anywhere on the
body. To minimize the liability and risk of complications from
metal piercings, they must be removed before surgery. Complica-

tions that may occur if they are left in situ during anesthesia are
listed in E-Table 4-1.2%%

PRIMARY AND SECONDARY SMOKING

Primary Smoking

Unfortunately, cigarette smoking is not only limited to adults.
Each day, about 6000 American adolescents smoke their first
cigarette. Of these, 50% will become regular smokers. Even
though two thirds of these adolescents will regret taking up the
habit and will want to quit, three quarters of them will not
succeed because they are addicted to the nicotine. Sadly, about
one third of those who cannot quit will die prematurely due to
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E-FIGURE 4-1 Percentage of gastric feeding remaining in the stomach after
water, breast milk, or formula versus time after ingestion by infants. Data
are expressed as mean + standard deviation. The time to 50% gastric
emptying of water was 15 minutes, of breast milk 50 minutes, and of
formula 80 minutes. On the basis of these data, about 95% emptying (i.e.,
four half-lives) of gastric feedings should occur in about 1 hour after water,
about 3.5 hours after breast milk, and about 5.5 hours after infant formula.
However, note the wide standard deviations for the emptying times for
breast milk and formula. (From Cavell B. Gastric emptying in preterm
infants. Acta Paediatr Scand 1979;68:725-30; Cavell B. Gastric emptying in
infants fed human milk or infant formula. Acta Paediatr Scand
1981,70:639-41.)

E-TABLE 4-1 Complications from Metfal Piercings

Electrocautery Burns

All tissues adjacent to metal piercings are at risk; to avoid burns, use
bipolar cautery or an harmonic knife; the cautery grounding pad
should be remote from the piercing.

Airway Difficulty with Intubation

Laryngospasm and hypoxia
Pulmonary aspiration

Tissue Damage

Necrosis
Bleeding

Modified from Rosenberg AD, Young M, Bernstein RL, Albert DB. Tongue rings: just
say no. Anesthesiology 1998;89:1279-80; Wise H. Hypoxia caused by body pierc-
ing. Anaesthesia 1999;54:1129.
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smoking.”! Even though the rate of new smokers in North
America has waned in the past 2 decades, this has been offset by
the increasing rate of new smokers in other continents. Media,
peer influence, and secondhand smoke exposure play a signifi-
cant role in influencing initiation of smokers in this age group.”

Smoking is known to increase blood carboxyhemoglobin
concentrations, decrease ciliary function, decrease functional
vital capacity (FVC) and the forced expiratory flow in midphase
(FEF,s50,750,), and increase sputum production. There is extensive
evidence that smokers undergoing surgery are more likely to
develop wound infections and postoperative respiratory com-
plications.*® Although stopping smoking for 2 days decreases
carboxyhemoglobin levels and shifts the oxyhemoglobin dis-
sociation curve to the right, stopping for at least 6 to 8 weeks
is necessary to reduce the rate of postoperative pulmonary
complications.***

We seldom interview our patients 8 weeks before surgery, but
because the perioperative period is the ideal time to abandon the
smoking habit permanently, anesthesiologists can perhaps play a
more active role in facilitating this process. Physician communi-
cation with adolescents regarding smoking cessation has been
shown to positively impact their attitudes, knowledge, intentions
to smoke, and quitting behaviors.*® In summary, during the pre-
operative visit with adolescents, anesthesiologists should inquire
about cigarette smoking and emphasize the need to stop the
habit by offering measures to ameliorate the withdrawal (e.g.,
nictoine patch).

Secondary Smoking

The World Health Organization has estimated that approxi-
mately 700 million children, or almost half of the children in the
world, are exposed to environmental tobacco smoke (ETS).”
Children exposed to ETS are more likely to have asthma, otitis
media,” atopic eczema, hay fever,”” and dental caries.” There is
also an increased rate of lower respiratory tract illness in infants
with ETS exposure.’'*

Several authors have demonstrated that ETS results in
increased perioperative airway complications in children. In one
study™ of children receiving general anesthesia, urinary cotinine,
the major metabolite of nicotine, was used as a surrogate of
ETS. A strong association was found between passive inhalation
of tobacco smoke and airway complications on induction and
emergence from anesthesia. Other investigators confirmed that
ETS exposure was associated with an increased frequency of
respiratory complications during emergence and recovery from
anesthesia.*

The evidence against ETS is clearly overwhelming. During the
preoperative visit, the anesthesiologist must question the child’s
exposure to ETS by asking parents or guardians about smoking
within the household. This is an opportune time to educate
parents and guardians about the dangers of ETS for their
children.

PSYCHOLOGICAL PREPARATION OF

CHILDREN FOR SURGERY

The perioperative period is stressful and anxiety-provoking
for the child and family; many parents express more concern
about the risks of anesthesia than those of the surgery. The factors
that influence the ability of the child and family to cope with
the stress of surgery include family dynamics, the child’s devel-
opmental and behavioral status and cultural biases, and our
ability to explain away misperceptions and misinformation.
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Because of logistics and today’s practice constraints, there is
limited time to evaluate family dynamics and establish rapport.
It is therefore vital for the anesthesiologist to interact directly
with the child in a manner that is consistent with the child’s level
of development. A specific child-oriented approach by the anes-
thesiologist, surgeon, nurses, and hospital staff is required. Pre-
operative evaluation is usually simplified once the basic concepts
of how to evaluate a child are understood.

Although the preoperative evaluation and preparation of chil-
dren are similar to those of adults from a physiologic standpoint,
the psychological preparation of infants and children is very dif-
ferent (see also Chapter 3). Many hospitals have an open house
or a brochure to describe the preoperative programs available to
parents before the day of admission.” However, printed material
should not replace verbal communication with nursing and
medical staff.* Anesthesiologists are encouraged to participate in
the design of these programs so that they accurately reflect the
anesthetic practice of the institution. The preoperative anesthetic
experience begins at the time parents are first informed that the
child is to have surgery or a procedure that requires general
anesthesia. Parental satisfaction correlates with the comfort of the
environment and the trust established between the anesthesiolo-
gist, the child, and the parents.”” If parental presence during
induction is deemed to be in the child’s best interest, a parental
educational program that describes what the parent can expect
to happen if he or she accompanies the child to the operating
room can significantly decrease parents’ anxiety and increase
their satisfaction.”® The greater the understanding and amount of
information the parents have, the less anxious they will be, and
this attitude, in turn, will be reflected in the child.***

Informed consent should include a detailed description of
what the family can anticipate and our role to protect the welfare
of the child. Before surgery, the anesthetic risks should be dis-
cussed in clear terms but in a reassuring manner by describing
the measures that will be taken to carefully and closely monitor
the safety of the child. Mentioning specific details and the
purpose of the various monitoring devices may help diminish
the parents” anxiety by demonstrating to them that the child will
be anesthetized with the utmost safety and care. A blood pressure
cuff will “check the blood pressure,” an electrocardiographic monitor
will “watch the heartbeat,” a stethoscope will help us “to continuously
listen to the heart sounds,” a pulse oximeter will “measure the oxygen
in the bloodstream,” a carbon dioxide analyzer will “monitor the
breathing,” an anesthetic agent monitor will “accurately measure
the level of anesthesia,” and an intravenous catheter will be placed
“to administer fluid and medications as needed.” Children who are
capable and their parents should be given ample opportunity to
ask questions preoperatively. Finally, they should be assured that
our “anesthetic prescription” will be designed specifically for
their child’s needs, taking into account the child’s underlying
medical conditions and the needs of surgery to ensure optimal
conditions for surgery, the safety of the child, and analgesia.

It has been shown that parents desire comprehensive peri-
operative information, and that discussion of highly detailed
anesthetic risk information does not increase parent’s anxiety
level.’! Inadequate preparation of children and their families may
lead to a traumatic anesthetic induction and difficulty for both
the child and the anesthesiologist, with the possibility of post-
operative psychological disturbances.”” Numerous preoperative
educational programs for children and adults have evolved to
alleviate some of these fears and anxiety. They include preopera-
tive tours of the operating rooms, educational videos, play
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therapy, magical distractions, puppet shows, anesthesia consulta-
tions, and child life preparation.” The timing of the preoperative
preparation has been found to be an important determinant of
whether the intervention will be effective. For example, children
older than 6 years of age who participated in a preparation
program more than 5 to 7 days before surgery were least anxious
during separation from their parents, those who participated in
no preoperative preparation were moderately anxious, and those
who received the information 1 day before surgery were the most
anxious. The predictors of anxiety correlated also with the child’s
baseline temperament and history of previous hospitalizations.”
Children of different ages vary in their response to the anesthetic
experience (see also Chapter 3).”> Even more important may be
the child’s trait anxiety when confronted with a stressful medical
procedure.”

Child Development and Behavior

Understanding age-appropriate behavior in response to external
situations is essential (E-Table 4-2). Infants younger than
10 months of age tolerate short periods of separation from their
parents. Many do not object to an inhalation induction and
frequently respond to the smell of the inhalation agents by
sucking or licking the mask. These infants usually do not need a
sedative premedication.

Children between 11 months and 6 years of age frequently
cling to their parents. In an unfamiliar environment such as a
hospital, preschool children tend to become very anxious, espe-
cially if the situation appears threatening. Their anxiety may be
exacerbated if they sense that their parents are anxious. Efforts
to educate the parents to allay their anxiety can also reduce the
child’s anxiety.”*"*® A heightened anxiety response may lead to
immediate postoperative maladaptive behavior, such as night-
mares, eating disturbances, and new-onset enuresis. Compared
with other patients, children 2 to 6 years of age are more likely
to exhibit problematic behavior when separated from their
parents (see also Chapter 3).> Children who display one or more
of the predictive risk factors would probably benefit from a seda-
tive premedication.””** They are generally more content if their
parents accompany them during induction or if they are sedated
in the presence of their parents in a nonthreatening environment
before entering the operating room (see later discussion).

Children older than 6 years of age and those who attend
preschool or kindergarten are more willing to accept brief periods
of separation from their parents. They tend to be more indepen-
dent because of their school experience. They are better able to
communicate and have a greater understanding of their environ-
ment. Their sense of curiosity and interest in new things and their
trust of adults can be used to elicit their cooperation for a mask
induction of anesthesia without the need for premedication.

Children ages 4 to 10 years may exhibit psychological factors
that are predictive of postoperative behavior (e.g., abnormal sleep
patterns, parental anxiety, aggressive behavior).”* In addition,
children who have pain on the day of the operation have behav-
ioral problems that continue well after the pain has been
relieved.®® Therefore, preventing postoperative pain decreases and
limits the duration of postoperative behavioral problems.

Special aspects of a child’s perception of anesthesia should be
anticipated; children often have the same fears as adults but are
unable to articulate them. The reason and need for a surgical
procedure should also be carefully explained to the child. It is
important to reassure children that anesthesia is not the same as
the usual nightly sleep but rather a special sleep caused by the

medicines we give during which they cannot be awakened and
no matter what the surgeon does, they cannot feel pain. Many
children fear the possibility that they will wake up in the middle
of the anesthetic and during surgery. They should be reassured
that they will awaken only after the surgery is completed.

The words the anesthesiologist uses to describe to the child
what can be anticipated must be carefully chosen, because chil-
dren think concretely and tend to interpret the facts literally.
Examples of this are presented by the following anecdotes:

Example 1: A 4-year-old child was informed that in the
morning she would receive a “shot” that would “put her to
sleep.” That night, a frantic call was received from the mother,
describing a very upset child; the child thought she was going
to be “put to sleep” like the veterinarian had permanently “put
to sleep” her sick pet.

Example 2: A 5-year-old child admitted for elective inguinal
herniorrhaphy received a heavy premedication and was deeply
sedated on arrival in the operating room. After discharge, the
parents frequently discovered him wandering about the house
at night. On questioning, the child stated that he was “protect-
ing” his family. He stated: “I don’t want anyone sneaking up
on you and operating while you are sleeping.”

In the first example, the child’s concrete thought processes
misunderstood the anesthesiologist’s choice of words. The second
case represents a problem of communication: the child was never
told he would have an operation.

The importance of proper psychological preparation for
surgery should not be underestimated. Often, little has been
explained to both patient and parents before the day of surgery.
Anesthesiologists have a key role in defusing fear of the unknown
if they understand a child’s age-related perception of anesthesia
and surgery (see Chapter 3). They can convey their understanding
by presenting a calm and friendly face (smiling, looking at the
child and making eye contact), offering a warm introduction,
touching the patient in a reassuring manner (holding a child’s or
parent’s hand), and being completely honest. Children respond
positively to an honest description of exactly what they can
anticipate. This includes informing them of the slight discomfort
of starting an intravenous line or giving an intramuscular pre-
medication, the possible bitter taste of an oral premedication, or
breathing our magic laughing gas through the flavored mask.

The postoperative process, from the operating room to the
recovery room, and the onset of postoperative pain should be
described. Encourage the child and family to ask questions. Strat-
egles to maintain analgesia should be discussed, including the
use of long-acting local anesthetics; nerve blocks; neuraxial
blocks; patient-controlled, nurse-controlled, or parent-controlled
analgesia or epidural analgesia; or intermittent opioids (see also
Chapters 41, 42, and 43).

As children age, they become more aware of their bodies
and may develop a fear of mutilation. Adolescents frequently
appear quite independent and self-confident, but as a group,
they have unique problems. In a moment their mood can
change from an intelligent, mature adult to a very immature
child who needs support and reassurance. Coping with a dis-
ability or illness is often very difficult for adolescents. Because
they are often comparing their physical appearance with that
of their peers, they may become especially anxious when they
have a physical problem. In general, they want to know exactly
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E-TABLE 4-2 Age-Specific Anxieties of Pediatric Patients

Age Specific Type of Perioperative Anxiety

0-6 months

6 months-4 years

4-8 years

8 years-Adolescence

Adolescence

Maximum stress for parent
Minimum stress for infants—not old
enough to be frightened of strangers

Maximum fear of separation

Not able to understand processes and
explanations

Significant postoperative emotional upset
and behavior regression

Begins fo have magical thinking
Cognitive development and increased
femper tanfrums

Begins fo understand processes and
explanations

Fear of separation remains
Concerned about body integrity

Tolerates separation well

Understands processes and explanations
May inferpret everything literally

May fear waking up during surgery or
not waking up at all

Independent

Issues regarding self-esteem and body
image

Developing sexual characteristics and fear
loss of dignity

Fear of unknown

Modified with permission from Cruickshank BM, Cooper LJ. Common behavioral
problems. In: Greydanus DE, Wolraich ML, editors: Behavioral pediatrics. New York:

Springer; 1992.
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what will transpire during the course of anesthesia. Adolescents
are usually cooperative, preferring to be in control and unpre-
medicated preoperatively. The occasional overly anxious or
rambunctious adolescent, however, may benefit from preanes-
thetic medication.

Monitoring the attitude and behavior of a child is very useful.
A child who clings to the parents, avoids eye contact, and will
not speak is very anxious. A self-assured, cocky child who “knows
it all” may also be apprehensive or frightened. This know-it-all
behavior may mask the child’s true emotions, and he or she
may decompensate just when cooperation is most needed. In
some cases, nonpharmacologic supportive measures may be
effective. In the extremely anxious child, supportive measures
alone may be insufficient to reduce anxiety, and premedication
is indicated.

Identifying a difficult parent or child preoperatively is not
always easy, especially if the anesthesiologist first meets the child
or family on the day of surgery and has limited time to assess
the situation. Occasionally, we receive a warning regarding a dif-
ficult parent or child from the surgeon or nursing staff, based on
their encounters with the family. With experience, some anesthe-
siologists are able to identify difficult parents and children during
the short preoperative assessment and make appropriate adjust-
ments to the anesthetic management plan.

The “veterans” or “frequent flyers” of anesthesia can also be
difficult in the perioperative period. They have played the anes-
thesia and surgical game before and are not interested in partici-
pating again, especially if their previous experiences were negative.
These children may benefit the most from a relatively heavy
premedication; reviewing previous responses to premedication
will aid in the adjustment of the current planned premedication
(e.g., adding ketamine and atropine to oral midazolam so as to
achieve a greater depth of sedation).

It is important to observe the family dynamics to better
understand the child and determine who is in control, the
parent or the child. Families many times are in a state of
stress, particularly if the child has a chronic illness; these parents
are often angry, guilt ridden, or simply exhausted. Ultimately,
the manner in which a family copes with an illness largely
determines how the child will cope.® The well-organized, open,
and communicative family tends to be supportive and resource-
ful, whereas the disorganized, noncommunicative, and dysfunc-
tional family tends to be angry and frustrated. Dealing with a
family and child from the latter category can be challenging.
There is the occasional parent who is overbearing and demands
total control of the situation. It is important to be empathetic
and understanding but to set limits and clearly define the
parent’s role. He or she must be told that the anesthesiologist
determines when the parent must leave the operating room;
this is particularly true if an unexpected development occurs
during the induction.

Parental Presence during Induction

One controversial area in pediatric anesthesia is parental presence
during induction. Some anesthesiologists encourage parents to
be present at induction, whereas others are uncomfortable with
the process and do not allow parents to be present. Inviting a
parent to accompany the child to the operating room has been
interpreted by some courts as an implicit contract on the part of
the caregiver who invited the parent to participate in the child’s
care; in one case, the institution was found to have assumed
responsibility for a mother who suffered an injury when she
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fainted.”” Each child and family must be evaluated individually;
what is good for one child and family may not be good for the
next.®*”! (See Chapter 3 for a full discussion of this and other
anxiolytic strategies in children.)

If the practice of having parents present at induction is to
work well, then the anesthesiologist must be comfortable with
such an arrangement. No parent should ever be forced to be
present for the induction of anesthesia, nor should any anesthe-
siologist be forced into a situation that compromises the quality
of care he or she affords a child in need.

Parents must be informed about what to anticipate in terms
of the operating room itself (e.g., equipment, surgical devices),
in terms of what they may observe during induction (e.g., eyes
rolling back, laryngeal noises, anesthetic monitor alarms, excita-
tion), and when they will be asked to leave. They must also be
instructed regarding their ability to assist during the induction
process, such as by comforting the child, encouraging the child
to trust the anesthesiologist, distracting the child, and consoling
the child (Video 4-1). Personnel should be immediately available
to escort parents back to the waiting area at the appropriate time.
Someone should also be available to care for a parent who wishes
to leave the induction area or who becomes lightheaded or faints.
An anesthesiologist’s anxiety about parents’ presence during
induction decreases significantly with experience.”

Explaining what parents might see or hear is essential. We
generally tell parents the following:

As you see your child fall asleep today, there are several things you
might observe that you are not used to seeing. First, when anyone falls
asleep, the eyes roll up, but since we are sleeping we do not generally
see it. You may see your child do that today, and I do not want you to
be frightened by that—it is expected and normal. The second thing is
that as children go to sleep from the anesthesia medications, the tone
of the structures in the neck decreases, so that some children will begin
to snore or make vibrating noises. Again, I do not want you to be
[rightened or think that something is wrong. We expect this, and it is
normal. The third thing you might see is what we call “excitement.”
As the brain begins to go to sleep, it can actually get excited first.
About 30 to 60 seconds afier breathing the anesthesia medications,
your child might suddenly look around or suddenly move his or ber
arms and legs. 10 you it appears that be is awakening from anesthesia
or that he or she is upset. In reality, this is a good sign, because it
indicates to us that your child is falling asleep and that 15 to 30
seconds later he or she will be completely anesthetized. Also you should
know that even though your child appears to be awake to you, in
reality he or she will not remember any of that. As soon as your child
loses consciousness, we will ask you to give your child a kiss and step
out of the operating room.

This kind of careful preparation provides to the parents the
confidence that the anesthesiologist really knows what he or she
is talking about, and it avoids frightening the parents. In general,
the more information provided, the lower the parental anxiety
levels.

Occasionally, the best efforts to relieve a child’s anxiety by
parental presence or administration of a sedative premedication
(or both) are not successful, and an anticipated smooth induction
may not go as planned. There are three options that may be used
depending on the age of the child: (1) renegotiate (which is
seldom successful), (2) hold the mask farther away from the
child’s face, or (3) suggest an intravenous or intramuscular induc-
tion. Sedation can be considered if it was not already used and
may be intramuscular, oral, inhalational (nitrous oxide), or given
by another route). If an intramuscular shot or intravenous induc-
tion is proposed, the child will usually choose the mask. If the
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TABLE 4-2 Review of Systems: Anesthetic Implications

System Factors to Assess Possible Anesthetic Implications
Respiratory Cough, asthma, recent cold Irritable airway, bronchospasm, medication history, atelectasis, infiltrate
Croup Subglottic narrowing
Apnea/bradycardia Postoperative apnea/bradycardia
Cardiovascular Murmur Septal defect, avoid air bubbles in intravenous line
Cyanosis Right-fo-left shunt
History of squatting Tetralogy of Fallot

Hypertension

Rheumatic fever

Exercise intolerance
Seizures

Head trauma

Swallowing incoordination
Neuromuscular disease

Neurologic

Gastrointestinal/hepatic Vomiting, diarrhea
Malabsorption
Black stools
Reflux

Jaundice

Genitourinary Frequency
Time of last urination

Frequent urinary tract infections
Endocrine/metabolic Abnormal development

Hypoglycemia, steroid therapy

Hematologic Anemia
Bruising, excessive bleeding
Sickle cell disease

Allergies Medications

Dental Loose or carious feeth

Coarctation, renal disease
Valvular heart disease
Congestive heart failure, cyanosis

Medications, metabolic derangement
Intracranial hypertension

Aspiration, esophageal reflux, hiatus hernia
Neuromuscular relaxant drug sensitivity, malignant hyperpyrexia
Electrolyte imbalance, dehydration, full stomach
Anemia

Anemia, hypovolemia

Possible need for full-stomach precautions

Drug metabolism/hypoglycemia

Urinary tract infection, diabetes, hypercalcemia
State of hydration

Evaluate renal function

Endocrinopathy, hypothyroid, diabetes
Hypoglycemia, adrenal insufficiency

Need for transfusion
Coagulopathy, thrombocytopenia, thrombocytopathy
Hydration, possible transfusion

Possible drug interaction
Aspiration of loose teeth, bacterial endocarditis prophylaxis

situation is totally out of control, either elective surgery can be
rescheduled or intramuscular ketamine can be used if the parents
choose to proceed. These situations are particularly difficult for
the parents and the caregivers but must be handled on an indi-
vidual basis.

HISTORY OF PRESENT ILLNESS

The medical history of a child obtained during the preanesthetic

visit allows the anesthesiologist to determine whether the child

is optimized for the planned surgery, to anticipate potential

problems due to coexisting disease, to determine whether appro-

priate laboratory or other tests are available or needed, to select

optimal premedication, to formulate the appropriate anesthetic

plan including perioperative monitoring, and to anticipate post-

operative concerns including pain management and postopera-

tive ventilatory needs. The history of the present illness is

described to the physicians by the parents and verified by the

referring or consultant surgeon’s notes. If the child is old enough,

it is helpful to obtain the child’s input. The history should focus

on the following aspects:

m A review of all organ systems (Table 4-2) with special emphasis
on the organ system involved in the surgery

m Medications (over-the-counter and prescribed) related to and
taken before the present illness, including herbals and vita-
mins, and when the last dose was taken

m  Medication allergies with specific details of the nature of the
allergy and whether immunologic testing was performed

m Previous surgical and hospital experiences, including those
related to the current problem

m Timing of the last oral intake, last urination (wet diaper), and
vomiting and diarrhea. It is essential to recognize that
decreased gastrointestinal motility often occurs with an illness
or injury.

In the case of a neonate, problems that may have been present
during gestation and birth may still be relevant in the neonatal
period and beyond (E-Table 4-3). The maternal medical and
pharmacologic history (both therapeutic and drug abuse) may
also provide valuable information for the management of a
neonate requiring surgery.

PAST/OTHER MEDICAL HISTORY

The past medical history should include a history of all past
medical illnesses with a review of organ systems, previous
hospitalizations (medical or surgical), childhood syndromes with
associated anomalies, medication list, herbal remedies, and any
allergies, especially to antibiotics and latex. Whether the child
was full-term or preterm at birth should be discerned; if preterm,
any associated problems should be noted, including admission
to a neonatal intensive care unit, duration of tracheal intuba-
tion, history of apnea or bradycardia (including oxygen treat-
ment, home apnea monitor, intraventricular hemorrhage), and
congenital defects.

Examination of previous surgical and anesthesia records
greatly assists in planning the anesthesia. Particular attention
should be paid to any difficulties encountered with airway man-
agement, venous access, or emergence. The response to or need
for premedication and the route of administration utilized should
be noted.
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E-TABLE 4-3 Maternal History with Commonly Associated
Neonatal Problems

Maternal History

Commonly Expected Problems
with Neonate

Rh-ABO incompatibility

Toxemia

Hypertension
Drug addiction
Infection
Hemorrhage
Diabetes

Polyhydramnios

Oligohydramnios
Cephalopelvic
disproportion
Alcoholism

Hemolytic anemia, hyperbilirubinemia,
kernicterus

SGA and its associated problems, *
muscle relaxant interaction with
magnesium therapy

SGA and its associated problems*
Withdrawal, SGA

Sepsis, thrombocytopenia, viral infection
Anemia, shock

Hypoglycemia, birth trauma, LGA, SGA,
and associated problems*

Tracheoesophageal fistula, anencephaly,
multiple anomalies

Renal hypoplasia, pulmonary hypoplasia
Birth trauma, hyperbilirubinemia,
fractures

Hypoglycemia, congenital malformation,
fetal alcohol syndrome, SGA, and
associated problems*

SGA, Small for gestational age; LGA, large for gestational age.

*See Table 2-2.
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Herbal Remedies

Increasing numbers of children are ingesting herbal medicine
products. During the preoperative interview, anesthesiologists
should include specific inquiries regarding the use of these
medications because of their potential adverse effects and drug
interactions. Hospital surveys suggest that the use of herbal
remedies ranges from 17% to 32%"7 of presurgical patients,
and 70% of these patients do not inform their anesthesiologist
of such use.

In Hong Kong, 80% of patients undergoing major elective
surgery use prepacked over-the-counter traditional Chinese
herbal medicines, and 8% use medicines prescribed by traditional
Chinese medicine practitioners.” The prescription users of tradi-
tional Chinese medicines experienced a greater incidence of
adverse perioperative events. In particular, this group was twice
as likely to have hypokalemia or impaired hemostasis (i.e., pro-
longed international normalized prothrombin ratio [INR] and
activated partial thromboplastin time [aPTT]) than nonusers,
although there was no significant difference in the incidence of
perioperative events between self-prescribed users and nonusers.
To further complicate this subject, there is an important differ-
ence between Chinese and Western herbs. Traditional Chinese
herbal medicines consist of multiple herbs that are combined for
their effects, whereas Western herbs are usually ingested as a
single substance.”

Herbal medicines are associated with cardiovascular instabil-
ity, coagulation disturbances, prolongation of anesthesia, and
immunosuppression.” The most commonly used herbal medica-
tions reported are garlic, ginseng, Ginkgo biloba, St. John’s wort,
and echinacea.”” The three “g” herbals, together with feverfew
(Tanacetum parthenium), potentially increase the risk of bleeding
during surgery. The amount of active ingredient in each prepara-
tion may vary, the dose taken by a child may also vary, and
detection of a change in platelet function and other subtle coagu-
lation disturbances may be difficult. St. John’s wort is the herb
that most commonly interacts with anesthetics and other medica-
tions, usually via a change in drug metabolism, because it is
a potent induction of the cytochrome P-450 enzymes (e.g.,
CYP3A4) and P-glycoprotein. A potentially fatal interaction
between cyclosporine and St. John’s wort has been well
documented.®® Heart, kidney, or liver transplant recipients who
were stabilized on a dose of cyclosporine experienced decreased
plasma concentrations of cyclosporine and, in some cases, acute
rejection episodes after taking St. John’s wort. A summary of the
most commonly used herbal remedies and their potential peri-
operative complications is shown in E-Table 4-4.

To avoid potential perioperative complications, the ASA has
encouraged the discontinuation of all herbal medicines 2 weeks
before surgery,* although this recommendation is not evidence
based. Indeed, some herbs such as valerian, a treatment for inso-
mnia (Valeriana officinalis), should not be discontinued abruptly
but tapered; otherwise, abrupt discontinuation may result in a
paradoxical and severe reaction.®” Each herb should be carefully
evaluated using standard resource texts, and a decision should be
made regarding the timing of or need for discontinuation as deter-
mined on a case-by-case basis.*

Anesthesia and Vaccination

Children may present for surgery after having been recently
immunized. The anesthesiologist and surgeon must then con-
sider (1) whether the immunomodulatory effects of anesthesia
and surgery might affect the efficacy and safety of the vaccine
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and (2) whether the inflammatory responses to the vaccine will
alter the perioperative course.

What do anesthesiologists think about anesthesia and vaccina-
tion? An international survey"” revealed that only one third of
responding anesthesiologists had the benefit of a hospital policy,
ranging from a formal decision to delay surgery to an indepen-
dent choice by the anesthesiologist. Sixty percent of respondents
would anesthetize a child for elective surgery within 1 week of
receiving a live attenuated vaccine (such as oral polio vaccine or
measles, mumps, and rubella [MMR] vaccine), whereas 40%
would not. The survey also revealed that 28% of anesthesiologists
would delay immunization for 2 to 30 days after surgery.

Is there a consensus statement on anesthesia and vaccination?
A scientific review of the literature associating anesthesia and
vaccination in children resulted in recommendations for the care
of children under these circumstances.® The review demon-
strated a brief and reversible influence of vaccination on lym-
phoproliferative responses that generally returned to preoperative
values within 2 days. Vaccine-driven adverse events (e.g., fever,
pain, irritability) might occur but should not be confused with
perioperative complications. Adverse events to inactivated vac-
cines such as diphtheria-tetanus-pertussis (DPT) become apparent
from 2 days and to live attenuated vaccines such as MMR from
7 to 21 days after immunization.*® Therefore, appropriate delays
between immunization and anesthesia are recommended by type
of vaccine to avoid misinterpretation of vaccine-associated
adverse events as perioperative complications. Because children
remain at risk of contracting vaccine-preventable diseases, the
minimum delay seems prudent, especially in the first year of
life. Likewise, it seems reasonable to delay vaccination affer
surgery until the child is fully recovered. Other immunocom-
promised patients, such as human immunodeficiency virus
(HIV)-positive children, cancer patients, and transplant recipi-
ents, have distinct underlying immune impairments, and the
influence of anesthesia on vaccine responses has not been
comprehensively investigated.

Allergies to Medications and Latex

The details pertaining to all allergies to medications and materials
should be described in the child’s record. These include the age
of onset, frequency, severity, investigations, and treatments. The
vast majority of reported allergies on children’s charts are either
nonimmunologic reactions or known (or unknown) drug adverse
effects. The most common medication- and hospital-related aller-
gies in children are penicillin and latex allergy.

Most cases of reported penicillin allergy consist of a maculo-
papular rash after oral penicillin. This occurs in 1% to 4% of
children receiving penicillin or in 3% to 7% of those taking
ampicillin, usually during treatment.*” Rarely are signs or symp-
toms that suggest an acute (immunoglobulin E-mediated) aller-
gic reaction present (i.e., angioedema), and even less frequently
is skin testing conducted to establish penicillin allergy. Given the
frequency of penicillin allergy, most of these unverified allergies
in fact are not allergies to penicillin but rather minor allergies to
the dye in the liquid vehicle or a consequence of the (viral) infec-
tion. If the child has not received penicillin for at least 5 years
since the initial exposure and has not been diagnosed with a
penicillin allergy by an immunologist or allergist, then a reexpo-
sure is warranted. If the child has been tested immunologically
for penicillin allergy, then it is best to avoid this class of antibiot-
ics. Although there is a 5% to 10% cross-reactivity between first-
generation cephalosporins and penicillin, there is no similar
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E-TABLE 4-4 Pharmacologic Effects and Potential Perioperative Complications of Eight Commonly Used Herbal Remedies

Name of Herb

Common Uses

Pharmacologic Effects

Potential Perioperative Complications

Echinacea, purple
coneflower root

Ephedra, ma huang

Garlic, ajo

Ginkgo, maidenhair;
fossil tree

Ginseng

Kava, ava pepper

St. John's wort, goat
weed, amber, hard hay

Valerian, vandal roof,
all heal, Jacob's ladder

Prophylaxis and treatment of
viral, bacterial, and fungal
infection

Diet aid

Antihypertensive, lipid-lowering
agent, anti-thrombus forming

Circulatory stimulant. Used to
treat Alzheimer disease,
peripheral vascular disease,
and erectile dysfunction.
Used to profect the body
against stress and restore
homeostasis

Anxiolytic

Treatment of depression and
anxiety

Anxiolytic and sleep aid

Stimulation of the immune system.
With long-term use may be
immunosuppressive.

Indirect- and direct-acting
sympathomimetic

Inhibits platelet aggregation (partially
irreversibly) in a dose-dependent manner.
Lowers serum lipid and cholesterol levels.
Inhibits platelet-activating factor.
Antioxidant. Modulates neurotransmitter
activity.

Poorly understood. Inhibits platelet
aggregation (partly irreversibly).

Possible potentiation of y-aminobutyric
acid (GABA) transmission

Central inhibition of serotonin,
norepinephrine, and dopamine. Induction
of cytochrome P-450 3A4.

Potentiation of GABA neurotransmission

Reduced effectiveness of
immunosuppressants. Potfential for
wound infection. May cause
hepatotoxicity.

Dose-dependent increase in heart
rate and blood pressure with
potential for perioperative myocardial
infarction and stroke. Arrhythmias
with halothane. Tachyphylaxis with
intraoperative ephedrine.

May potentiate other platelet
inhibitors. Concerns for perioperative
bleeding.

Concerns for perioperative bleeding.
May potentiate other platelet
inhibitors.

Potential fo increase perioperative
bleeding. Potential for hypoglycemia.

Potentiates sedative effects of
anesthetic agents. Possible
withdrawal syndrome after sudden
abstinence. Kava-induced
hepatotoxicity.

Decreased effectiveness of drugs
metabolized by CYP3A4 such as
cyclosporine, alfentanil, midazolam,
lidocaine, calcium-channel blockers,
and digoxin

Potentiates sedative effects of
anesthetic agents. Withdrawal-type
syndrome with sudden abstinence.

Modified from Skinner CM, Rangasami J. Preoperative use of herbal medicines: a patient survey. Br J Anaesth 2002;89:792-5.
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cross-reactivity with second- and third-generation cephalospo-
rins. To date, there have been no fatal anaphylactic reactions in
penicillin allergic children from a cephalosporin.®’

Latex allergy is an acquired immunologic sensitivity resulting
from repeated exposure to latex, usually on mucous membranes
(e.g., children with spina bifida or congenital urologic abnormali-
ties who have undergone repeated bladder catheterizations with
latex catheters, those with more than four surgeries, those requir-
ing home ventilation). It occurs more frequently in atopic indi-
viduals and in those with certain fruit and vegetable allergies (e.g.,
banana, chestnut, avocado, kiwi, pineapple).”** For a diagnosis
of latex anaphylaxis, the child should have personally experi-
enced an anaphylactic reaction to latex, skin-tested positive for
anaphylaxis to latex, or experienced swelling of the lips after
touching a toy balloon to the lips or a swollen tongue after a
dentist inserted a rubber dam into the mouth.” The avoidance
of latex within the hospital will prevent acute anaphylactic reac-
tions to latex in children who are at risk.” Latex gloves and other
latex-containing products should be removed from the immedi-
ate vicinity of the child. Prophylactic therapy with histamine H,
and H, antagonists and steroids do not prevent latex anaphy-
laxis.”*”® Latex anaphylaxis should be treated by removal of the
source of latex, administration of 100% oxygen, acute volume
loading with balanced salt solution (10 to 20 mL/kg repeated
until the systolic blood pressure stabilizes), and administration
of intravenous epinephrine (1 to 10 pg/kg according to the sever-
ity of the anaphylaxis). In some severe reactions, a continuous
infusion of epinephrine alone (0.01 to 0.2 pg/kg/min) or com-
bined with other vasoactive medications may be required for
several hours.

Family History

It is important to inquire about a family history, particularly
focusing on a number of conditions, including malignant hyper-
thermia, muscular dystrophy, prolonged paralysis associated with
anesthesia (pseudocholinesterase deficiency), sickle cell disease,
bleeding (and bruising) tendencies, and drug addiction (drug
withdrawal, HIV infection). The precise relationship to the
proband must be documented.

LABORATORY DATA
The laboratory data obtained preoperatively should be appropri-
ate to the history, illness, and surgical procedure. Routine hemo-
globin testing or urinalysis is not indicated for most elective
procedures; the value of these tests is questionable when the
surgical procedure will not involve clinically significant blood
loss.”” There are insufficient data in the literature to make strict
hemoglobin testing recommendations in healthy children. A pre-
operative hemoglobin value is usually determined only for those
who will undergo procedures with the potential for blood loss,
those with specific risk factors for a hemoglobinopathy, formerly
preterm infants, and those younger than 6 months of age. Coagu-
lation studies (platelet count, INR, and PTT) may be indicated
if major reconstructive surgery is contemplated, especially if war-
ranted by the medical history, and in some centers before tonsil-
lectomy. In addition, collection of a preoperative type-and-screen
or type-and-crossmatch sample is indicated in preparation for
potential blood transfusions depending on the nature of the
planned surgery and the anticipated blood loss.

In general, routine chest radiography is not necessary; studies
have confirmed that routine chest radiographs are not cost-
effective in children.®!*" The oxygen saturation of children who

are breathing room air is very helpful. Baseline saturations of
95% or less suggest clinically important pulmonary or cardiac
compromise and warrant further investigation.

Special laboratory tests, such as electrolyte and blood glucose
determinations, renal function tests, blood gas analysis, blood
concentrations of seizure medication and digoxin, electrocardi-
ography, echocardiography, liver function tests, computed
tomography (CT), magnetic resonance imaging (MRI), or pulmo-
nary function tests, should be performed when appropriate.

PREGNANCY TESTING

Although pregnancy rates among teenagers in the United States
are declining,'” a small percentage of young women may still
present for elective surgery with an unsuspected pregnancy. In
2003, the birth rate in girls aged 15 to 19 years was 41.6 births
per 1000, and for girls aged 10 to 14 years it was 0.6 per 1000.
However, routine preoperative pregnancy testing in adolescent
girls may present ethical and legal dilemmas, including social and
confidentiality concerns. This places the anesthesiologist in a
predicament when faced with a question of whether to perform
routine preoperative pregnancy screening.'” Each hospital should
adopt a policy regarding pregnancy testing to provide a consis-
tent and comprehensive policy for all females who have reached
menarche.

A survey of members of the Society for Pediatric Anesthesia
practicing in North America revealed that pregnancy testing was
routinely required by approximately 45% of the respondents
regardless of the practice setting (teaching versus nonteaching
facilities).” A retrospective review of a 2-year study of mandatory
pregnancy testing in 412 adolescent surgical patients'® revealed
that the overall incidence of positive tests was 1.2%. Five of 207
patients aged 15 years and older tested positive, for an incidence
of 2.4% in that group. None of the 205 patients younger than
the age of 15 years had a positive pregnancy test.

The most recent ASA Task Force on Preanesthesia Evalua-
tion'™ recognized that a history and physical examination may
not adequately identify early pregnancy and issued the following
statement: “The literature is insufficient to inform patients or physicians
on whether anesthesia causes harmful effects on early pregnancy. Preg-
nancy testing may be offered to female patients of childbearing age and
for whom the result would alter the patient’s management.™® Because
of the risk of exposing the fetus to potential teratogens and radia-
tion from anesthesia and surgery, the risk of spontaneous abor-
tion, and the risk of apoptosis reported in the rapidly developing
fetal animal brain, elective surgery with general anesthesia is not
advised during early pregnancy. Therefore, if the situation is
unclear, and when indicated by medical history, it is best to
perform a preoperative pregnancy test. If the surgery is required
in a patient who might be pregnant, then using an opioid-based
anesthetic such as remifentanil and the lowest concentration of
inhalational agent or propofol that provides adequate anesthesia
is preferred.

Premedication and Induction Principles

GENERAL PRINCIPLES

The major objectives of preanesthetic medication are to (1) allay
anxiety, (2) block autonomic (vagal) reflexes, (3) reduce airway
secretions, (4) produce amnesia, (5) provide prophylaxis against
pulmonary aspiration of gastric contents, (6) facilitate the induc-
tion of anesthesia, and (7) if necessary, provide analgesia. Pre-
medication may also decrease the stress response to anesthesia



and prevent cardiac arrhythmias.'® The goal of premedication for
each child must be individualized. Light sedation, even though it
may not eliminate anxiety, may adequately calm a child so that
the induction of anesthesia will be smooth and a pleasant experi-
ence. In contrast, heavy sedation may be needed for the very
anxious child who is unwilling to separate from his or her parents.

Factors to consider when selecting a drug or a combination
of drugs for premedication include the child’s age, ideal body
weight, drug history, and allergic status; underlying medical or
surgical conditions and how they might affect the response to
premedication or how the premedication might alter anesthetic
induction; parent and child expectations; and the child’s emo-
tional maturity, personality, anxiety level, cooperation, and phys-
iologic and psychological status. The anesthesiologist should also
consider the proposed surgical procedure and the attitudes and
wishes of the child and the parents.

The route of administration of premedicant drugs is very
important. Premedications have been administered by many
routes including the oral, nasal, rectal, buccal, intravenous, and
intramuscular routes. Although a drug may be more effective and
have a more reliable onset when given intranasally or intramus-
cularly, most pediatric anesthesiologists refrain from administer-
ing parenteral medication to children without intravenous access.
Many children who are able to verbalize report that receiving a
needle puncture was their worst experience in the hospital.'!*®
In most cases, medication administered without a needle will be
more pleasant for children, their parents, and the medical staff.
Oral premedications do not increase the risk of aspiration pneu-
monia unless large volumes of fluids are ingested.'” In general,
the route of delivery of the premedication should depend on the
drug, the desired drug effect, and the psychological impact of the
route of administration. For example, a small dose of oral medica-
tion may be sufficient for a relatively calm child, whereas an
intramuscular injection (e.g., ketamine) may be best for an unco-
operative, combative, extremely anxious child. Intramuscular
administration may be less traumatic for this type of child than
forcing him or her to swallow a drug, giving a drug rectally, or
forcefully holding an anesthesia mask on the face.'"

Since Water’s classic work in 1938 on premedication of chil-
dren, numerous reports have addressed this subject.!’ Despite
the wealth of studies, no single drug or combination of drugs has
been found to be ideal for all children. Many drugs used for
premedication have similar effects, and a specific drug may have
various effects in different children or in the same child under
different conditions.

MEDICATIONS

Several categories of drugs are available for premedicating chil-
dren before anesthesia (Table 4-3). Selection of drugs for premedi-
cation depends on the goal desired. Drug effects should be
weighed against potential side effects, and drug interactions
should be considered. Premedicant drugs include tranquilizers,
sedatives, hypnotics, opioids, antihistamines, anticholinergics,
H,-receptor antagonists, antacids, and drugs that increase gastric
motility.

Tranquilizers

The major effect of tranquilizers is to allay anxiety, but they also
have the potential to produce sedation. This group of drugs
includes the benzodiazepines, phenothiazines, and butyrophe-
nones. Benzodiazepines are widely used in children, whereas
phenothiazines and butyrophenones are infrequently used.

Preoperative Evaluation, Premedication, and Induction of Anesthesia 39

TABLE 4-3 Doses of Drugs Commonly Administered
for Premedication

Drug Route Dose (mg/kg)

Barbiturates

Methohexital Rectal (10% solution) 20-40
Intramuscular (5% solution) 10

Thiopental Rectal (10% solution) 20-40

Benzodiazepines

Diazepam Oral 0.1-0.5
Rectal 1 mg/kg
Midazolam Oral 0.25-0.75
Nasal 0.2
Rectal 0.51
Intramuscular 0.1-0.15
Lorazepam Oral 0.025-0.05
Phencyclidine
Ketamine* Oral 36
Nasal 3
Rectal 6-10
Intramuscular 210
o, -Adrenergic Agonist
Clonidine Oral 0.004
Opioids
Morphine Intramuscular 0.1-0.2
Meperidine’ Intramuscular 12
Fentanyl Oral 0.010-0.015 (10-15 pg/kg)
Nasal 0.001-0.002 (12 ng/kg)
Sufentanil Nasal 0.001-0.003 (1-3 pg/kg)

*With atropine 0.02 mg/kg.
TOnly a single dose is recommended due fo metabolites that may cause seizures.

Benzodiazepines
Benzodiazepines calm children, allay anxiety, and diminish recall
of perianesthetic events. At low doses, minimal drowsiness and
cardiovascular or respiratory depression are produced.
Midazolam, a short-acting, water-soluble benzodiazepine with
an elimination half-life of approximately 2 hours, is the most
widely used premedication for children.'"*'" The major advan-
tage of midazolam over other drugs in its class is its rapid uptake
and elimination."* It can be administered intravenously, intra-
muscularly, nasally, orally, and rectally with minimal irritation,
although it leaves a bitter taste in the mouth or nasopharynx after
oral or nasal administration, respectively.'""'?' Peak plasma con-
centrations occur approximately 10 minutes after intranasal mid-
azolam administration, 16 minutes after rectal administration,
and 53 minutes after oral administration."'*'*"'*> The relative
bioavailability of midazolam is approximately 90% after intra-
muscular injection, 60% after intranasal administration, 40% to
50% after rectal administration, and 30% after oral administra-
tion, compared with intravenous administration (see Chapter
6).2212% After oral or rectal administration, there is incomplete
absorption and extensive hepatic extraction of the drug during
the first pass through the liver—hence, the need for large doses
through these routes. Most children are adequately sedated after
receiving a midazolam dose of 0.025 to 0.1 mg/kg intravenously,
0.1 to 0.2 mg/kg intramuscularly, 0.25 to 0.75 mg/kg orally,
0.2 mg/kg nasally, or 1 mg/kg rectally.
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Orally administered midazolam is effective in calming most
children and does not increase gastric pH or residual volume.'?*!%
The current formulation of oral midazolam (2 mg/mL) is a
commercially prepared, strawberry-flavored liquid. Two multi-
center studies yielded slightly different responses to this prepara-
tion of oral midazolam in children.”®®'” In one study, 0.25, 0.5,
and 1.0 mg/kg all produced satisfactory sedation and anxiolysis
within 10 to 20 minutes,'”” whereas in the other study, 1.0 mg/
kg provided greater anxiolysis and sedation than 0.25 mg/kg.'?
These differing results may be attributed to the older ages of
children in the former study.'?

Recent evidence suggests that the required dose of midazolam
increases as age decreases in children, similar to that for inhaled
agents and intravenous agents.””® An increased clearance in
younger children contributes to their increased dose require-
ment.'?”’ Thus, greater doses may be required in younger children
to achieve a similar degree of sedation and anxiolysis. However,
the formulation of the oral solution may also attenuate its
effectiveness.””"*! A number of medications that affect the
cytochrome oxidase system, significantly affect the first-pass
metabolism of midazolam, including grapefruit juice, erythromy-
cin, protease inhibitors, and calcium-channel blockers that
decrease CYP3A4 activity, which in turn increases the blood con-
centration of midazolam and prolongs sedation.”***** Conversely,
anticonvulsants (phenytoin and carbamazepine), rifampin, St.
John’s wort, glucocorticoids, and barbiturates induce the CYP3A4
isoenzyme, thereby reducing the blood concentration of mid-
azolam and its duration of action.* The dose of oral midazolam
should be adjusted in children who are taking these medications.

Concerns have been raised about possible delayed discharge
after premedication with oral midazolam. Oral midazolam,
0.5 mg/kg, administered to children 1 to 10 years of age did not
affect awakening times, time to extubation, postanesthesia care
unit, or hospital discharge times, after sevoflurane anesthesia.*’
Similar results have been reported in children and adolescents
after 20 mg of oral midazolam, however, detectable preoperative
sedation in this group of children was predictive of delayed
emergence.'’ In children aged 1 to 3 years undergoing adenoid-
ectomy as outpatients, premedication with oral midazolam,
0.5 mg/kg, slightly delayed spontaneous eye opening by 4
minutes and discharge by 10 minutes compared with placebo;
children who had been premedicated, however, exhibited a more
peaceful sleep at home on the night after surgery.'"!

Likely the greatest effect of oral midazolam on recovery occurs
with its use in children undergoing myringotomy and tube inser-
tion, a procedure that normally takes 5 to 7 minutes. In this
surgery, the use of this premedication must be carefully consid-
ered. Oral midazolam decreased the infusion requirements of
propofol by 33% during a propofol-based anesthesia, although
the time to discharge readiness was delayed.'”? After oral mid-
azolam premedication (0.5 mg/kg), induction of anesthesia with
propofol, and maintenance with sevoflurane, emergence and
early recovery were delayed by 6 and 14 minutes, respectively, in
children 1 to 3 years of age compared with unpremedicated chil-
dren, although discharge times did not differ.'* Increased postop-
erative sedation may be attributed to synergism between propofol
and midazolam on y-aminobutyric acid (GABA) receptors.'*!

One notable benefit of midazolam is anterograde amnesia;
children who were amnestic about their initial dental extractions
tolerated further dental treatments better than those who were

*See http://www.medicine.iupui.edu/clinpharm/ddis/p450_Table_Oct_
11_2009.pdf (accessed July 1, 2012).

not amnestic.'” It appears that memory becomes impaired
within 10 minutes and anxiolytic effects are apparent as early as
15 minutes after oral midazolam."*

Although anxiolysis and a mild degree of sedation occur in
most children after midazolam, a few develop undesirable adverse
effects. Some children become agitated after oral midazolam.'”
If this occurs after intravenous midazolam (0.1 mg/kg), intrave-
nous ketamine (0.5 mg/kg) may reverse the agitation.*® Adverse
behavioral changes have been reported in the postoperative
period after midazolam premedication. One study found that
oral midazolam suppresses crying during induction of anesthesia
but may cause adverse behavioral changes (nightmares, night
terrors, food rejection, anxiety, and negativism) for up to
4 weeks postoperatively compared with placebo'”’; this finding
has not been substantiated.”” One undesirable effect associated
with midazolam, independent of the mode of administration
(rectal, nasal, or oral), is hiccups (approximately 1%); the etiol-
ogy is unknown.

Anxiolysis and sedation usually occur within 10 minutes after
intranasal midazolam,” although it may be less effective in
children with an upper respiratory tract infection (URI) and
excessive nasal discharge.'”! Intranasal midazolam does not affect
the time to recovery or discharge after surgical procedures at least
10 minutes in duration.””""** Although midazolam reduces nega-
tive behavior in children during parental separation, nasal admin-
istration is not well accepted because it produces irritation,
discomfort, and a burning aftertaste that may overshadow its
positive sedative effects.’”>'*> Another theoretical concern for the
nasal route of administration of midazolam is its potential to
cause neurotoxicity via the cribriform plate.”?! There are direct
connections between the nasal mucosa and the central nervous
system (CNS) (E-Fig. 4-2). Medications administered nasally
reach high concentrations in the cerebrospinal fluid very
quickly.**"*® To date, no such sequelae have been reported.
Because midazolam with preservative has been shown to cause
neurotoxicity in animals, we recommend only preservative-free
midazolam for nasal administration.'**!¢

Sublingual midazolam (0.2 mg/kg) has been reported to be as
effective as, and better accepted than, intranasal midazolam.'
Oral transmucosal midazolam given in three to five small
allotments (0.2 mg/kg total dose) placed on a child’s tongue
(8 months to 6 years of age) was found to provide satisfactory
acceptance and separation from parents in 95% of children.'*?

There is another pharmacodynamic difference among benzo-
diazepines that is important to consider when these drugs are
administered intravenously. Entry into the CNS is directly
related to fat solubility."**!** The greater the fat solubility, the
more rapid the transit into the CNS. The time to peak CNS
electroencephalographic effect in adults is 4.8 minutes for mid-
azolam but only 1.6 minutes for diazepam (see Fig. 47-7). There-
fore, when administering intravenous midazolam, one must wait
an adequate interval between doses to avoid excessive medication
and oversedation.

Diazepam is only used for premedication of older children. In
infants and especially preterm neonates, the elimination half-life
of diazepam is markedly prolonged because of immature hepatic
function (see Chapter 6). In addition, the active metabolite (des-
methyldiazepam) has pharmacologic activity equal to that of the
parent compound and a half-life of up to 9 days in adults.'® The
most effective route of administration of diazepam is intrave-
nous, followed by oral and rectal. The intramuscular route is not
recommended because it is painful and absorption is erratic.'*¢'7
The combination of oral midazolam 0.25 mg/kg and diazepam
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E-FIGURE 4-3 A, Some children are more comfortable sitting in the lap of
the anesthesiologist (or parent). In this situation, asking the child to "blow
up the balloon” is often a successful distraction, resulting in a smooth
inhalation induction. B, Other children can be distracted and comforted by
having a favorite foy, stuffed animal, or security blanket during induction;
in this case, we allowed the child to hold a face mask on her stuffed rabbit
while we held the mask on her face.

E-FIGURE 4-4 If a parent requests or is asked to accompany the child to
the operating room, it is vital to explain to the parent all the things that
might be seen in the operating room as well as the child's responses
during induction (see text for details). Often a small child can be
anesthetized in the parent’s lap, first starting with “laughing gas” (nitrous
oxide). Note that this child is laughing during induction (A). After
observing the desired effect of nitrous oxide, the potent inhalation agent
(sevoflurane or halothane) is introduced as tolerated. As soon as the child
is induced, we place the child on the operating room table, briefly remove
the mask, ask the parent to kiss the child (B), and then request that he or
she leave the operating room. It is important to have someone available
to escort the parent back to the waiting area.

i



Preoperative Evaluation, Premedication, and Induction of Anesthesia 49

FIGURE 4-3 A, Infants 6 months of age or younger are often consoled during induction by placing the little finger (“pinky finger”) of your hand in their
mouth while you hold the face mask near their face with the rest of the hand. In general, they are so hungry that they will stop crying and eagerly suckle
on your pinky finger. B, As the infant loses consciousness, the intensity of the suckling diminishes, the pinky finger is gently removed, and the face mask

is fully applied.

of N,O is achieved. Offering children the choice of a scented
mask or “sleepy air,” such as bubble gum or strawberry flavor,
applied to the inside of the face mask may disguise the odor of
the plastic. Sevoflurane is then introduced and can be rapidly
increased to 8% in a single stepwise increase, without significant
bradycardia or hypotension in otherwise healthy children. After
anesthesia is induced, the sevoflurane concentration should be
maintained at the maximum tolerable concentration until intra-
venous access is established, but this concentration should be
reduced if controlled ventilation is initiated so as to avoid over-
dose. The reason for maintaining delivery of a high concentration
of sevoflurane is to minimize the risk of awareness during the
early period of the induction sequence. Data from unmedicated
children (aged >3 years) indicate that sevoflurane is associated
with small increases in heart rate, although heart rate does
decrease to 80 to 100 beats per minute in some children after
breathing sevoflurane for a period of time.** In contrast to halo-
thane,”' sevoflurane does not increase the myocardial sensitivity
to epinephrine.”? In a study of three techniques for delivering
sevoflurane for induction of anesthesia, minimal differences were
detected among the three: incremental increases in sevoflurane
(2%, 4%, 6%, and 7%) in oxygen, a high concentration of sevo-
flurane (7%) in oxygen, and a high concentration of sevoflurane
in a 1:1 mixture of N,O and O,.**®* When N,O was added, there
was a decreased time to loss of the eyelash reflex and a decreased
incidence of excitement during the induction. Agitation or
excitement in early induction (shortly after loss of eyelash reflex)
with sevoflurane has been observed; this is discussed in detail in
Chapter 6.

Inhalation Induction with Halothane

Halothane has largely been replaced by sevoflurane for inhala-
tion induction of anesthesia because of halothane’s slower
wash-in and emergence and greater incidence of bradycardia,
hypotension, and arrhythmias. When anesthesia is induced with
halothane, the inspired concentration is gradually increased by
0.5% every two to three breaths up to 5%. Alternatively, a single-
breath induction of anesthesia with 5% halothane can yield a
rapid induction of anesthesia without triggering airway reflex

responses.’™*

The inspired concentration of halothane should be decreased
as soon as anesthesia is established to avoid heart rate slowing
and myocardial depression. The child will autoregulate the depth
of anesthesia as long as he or she is allowed to breath spontane-
ously; however, if respirations are controlled, then anesthetic
overdose may easily occur (see Chapter 6).>*** Halothane sen-
sitizes the heart to catecholamines, and ventricular arrhythmias
may commonly be seen, especially during periods of hypercapnia
or light anesthesia.””’

If vital signs become abnormal during induction, the concen-
tration of halothane should be reduced or discontinued and the
circuit flushed with 100% oxygen. If bigeminy or short bursts
of ventricular tachycardia occur, then the following strategies
should be considered: (1) hyperventilation (to reduce the arterial
carbon dioxide tension [PaC0,]) (2) deepening of the halothane
anesthesia, or (3) changing to an alternate potent inhalation
agent.” There is no role for intravenous lidocaine to treat these
arrhythmias.

During inhalation induction with either sevoflurane or halo-
thane, if the oxygen saturation decreases (and there is no mechan-
ical cause for the desaturation such as partial dislodgement of the
oximeter probe, patient clenching of fingers or toes, or blood
pressure cuff inflating), 100% oxygen should be administered
until the oxygen saturation returns to normal while the cause of
the desaturation is addressed. If the cause of the desaturation is
not related to upper airway obstruction, the most common cause
in a healthy child is a ventilation-perfusion mismatch due to
segmental atelectasis. Recruitment of alveoli may be achieved by
applying a sustained inflation of the lungs to 30 cm H,O for
30 seconds or as tolerated.”® This may be difficult to complete
before tracheal intubation, because the stomach may inflate. In
such a case, recruitment should be abandoned. Alternatively,
mild to moderate upper airway obstruction from collapse of the
hypopharyngeal structures or the development of mild laryngo-
spasm causes hypoventilation and desaturation. In general, this
upper airway obstruction is readily relieved by gently applying a
tight mask fit, closing the pop-off valve sufficiently to generate
5 to 10 cm of positive end-expiratory pressure, and allowing the
distending pressure of the bag to stent open the airway until the
child is adequately anesthetized to tolerate the placement of an

i
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oral airway (see Fig. 12-10 and Fig. 31-6). Cephalad pressure
should be applied to the superior pole of the condyle of the
mandible to sublux the temporomandibular joint. because this
maneuver opens the mouth and pulls the tongue off the posterior
and nasopharyngeal walls, opening the laryngeal inlet (Video
4-3, A and B).** This maneuver may supplant the need for an
oral airway. It is very important to avoid applying digital pressure
to the soft tissues of the submental triangle, because this pushes
the tongue and soft tissues into the hypopharynx, occluding the
oropharynx and nasopharynx. If the child develops symptomatic
bradycardia, then oxygenation and ventilation must first be estab-
lished, followed by intravenous atropine (0.02 mg/kg) and,
if necessary, chest compressions and intravenous epinephrine
(see Chapter 39).

Inhalation Induction with Desflurane

Desflurane is very pungent, as evidenced by severe laryngospasm
(49%), coughing, increased secretions, and hypoxemia during
induction.*®® Therefore, desflurane is not recommended for inhalation
induction in children but may be used safely for maintenance of
general anesthesia after the trachea has been intubated.

Hypnotic Induction

Hypnosis can reduce anxiety and pain in children with chronic
medical problems and those undergoing painful procedures®'-***
as well as reduce preoperative anxiety. Hypnosis is an altered state
of consciousness with highly focused attention, based on the
principle of dissociation.”®® Hypnosis results in a state of inner
absorption that leads to a reduction in awareness of immediate
physical surroundings and experiences. Children are more likely
to be absorbed in fantasy, and their natural power of play making
them more hypnotizable than adults.*** Although an anesthesi-
ologist may not have training in hypnosis, he or she can use
hypnotic suggestions to help children even though an actual
trance state is not induced. It may be helpful to engage children
in age-appropriate scenarios, such as going to the zoo, a fancy
tea party, a baseball game, or flying a jet. Words should be spoken
slowly and rhythmically with descriptions of sights and sounds
that are familiar to the child as well as repeated suggestions of
“feeling good.” The hypnotic suggestions distract the child so
that the smell of anesthetic agent becomes the scent of the zoo
animals, the tea brewing, the aviation fuel, and so on. Any
number of stories can be told with the same result as long as one
remembers to repeatedly say things that can be identified by the
child and that fit with what the child is experiencing at the time
of induction.

When hypnosis was administered 30 minutes before surgery,
it significantly reduced preoperative anxiety at the time of face
mask application and the frequency of behavior disorders post-
operatively when compared with oral midazolam, 0.5 mg/kg.**
Hypnosis provided a relaxed state of well-being and enabled
children to actively participate in anesthesia, thus leaving them
with a pleasant memory. Unlike the anterograde amnesia associ-
ated with midazolam, hypnosis offers the benefit of maintaining
a pleasant memory to prevent fear during future anesthetics.

Modified Single-Breath Induction

The single-breath induction is especially appealing to children
who desire to fall asleep “really fast” with a face mask, because
loss of consciousness is achieved much more rapidly than with a
traditional escalating dose technique. It works best with older
children, although some as young as 3 years of age can be

anesthetized with this technique if they are cooperative. Before
beginning, the child should be coached through a mock induc-
tion by instructing him or her to “breathe in the biggest breath,
possible” through the mouth (not the nose) and then “breathe
all the way out until there is no more air in the lungs.” If the
child is used to swimming and holding the breath underwater,
this makes the exercise much easier. Once this has been practiced
a few times, then a practice run is repeated with only the mask
(no circuit) on the face.

Before induction, the circuit and reservoir bag are primed with
70% N,O in O, and the maximum concentration of concentra-
tion of halothane or sevoflurane the vaporizer can deliver. This
is achieved by running modest fresh gas flows through the circuit
and intermittently emptying the reservoir bag manually into the
scavenger system (i.e., with the circuit Y-connector occluded).
Once the circuit is primed with the maximum concentration of
inhalation agent, the mask is placed on the Y-connector, then the
distal end of the circuit is occluded (to avoid contaminating the
operating room), and the child is instructed to take a deep breath
of room air and to exhale all the air and hold expiration. The
face mask is then placed securely over the child’s mouth and nose
while he or she is instructed to take in the “deepest breath ever
through their mouth” and “hold it, now just breathe normally.”
Loss of consciousness, as noted by loss of the eyelash reflex,
occurs within 15 to 30 seconds after this vital capacity breath
(Fig. 4-4, A, B and C, and Video 4-4).3343¢

INTRAVENOUS INDUCTION

Intravenous induction is usually reserved for older children,
those who request an intravenous induction, those with a previ-
ously established intravenous catheter, those with potential car-
diovascular instability, and those who need a rapid-sequence
induction (RSI) because of a full stomach. There are many dif-
ferent options as far as medications that can be used for an
intravenous induction in a child (Table 4-5). Ideally, all children
should breathe 100% oxygen before intravenous induction; if the
face mask is met with objections, oxygen may be insufflated
without a mask by simply holding the Y-connector of the circuit
between your fingers over or near the child’s face.

Thiopental

Thiopental (sodium pentothal) has been replaced by propofol as
the most commonly used intravenous induction agent. The rec-
ommended induction dose of thiopental in healthy, unpremedi-
cated children is 5 to 6 mg/kg’”’; neonates require a smaller dose
(3 to 4 mg/ke).*® Debilitated or severely ill patients, those who
are hypovolemic, and those who have been premedicated may
also require a smaller dose for induction of anesthesia. The beta-
elimination half-life of thiopental in neonates is twice that in

TABLE 4-5 Doses of Commonly Used Intravenous
Induction Agents

Drug Dose (mg/kg)
Thiopental or thiamylal* 5-8
Methohexital 125

Propofol 2535
Etomidate 0.2-0.3
Ketamine 1-2

*No longer available in the United States.
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FIGURE 4-4 A single-breath induction is another useful method that is most appropriate for children 5 to 10 years of age. It is important fo practice several
times without the mask attached to the circuit before the actual induction (see text for details of preparing the circuit). This allows the child to become
familiar with the feel of the mask as it is applied to the face and fo properly fime the sequence of events. A and B, Typically, we ask the child to take "the
biggest breath possible and hold it." Then we ask the child to “breathe all the way out until you have no more air in your lungs and hold it" and place the
face mask on the child's face. C, We then ask the child to take in “the biggest breath you have ever taken, hold it, then breathe normally.” If a full vital
capacity breath is taken with a good mask seal around the mouth and nose, most children will lose their lid reflex within 15 to 30 seconds, which is similar

to infravenous induction agents.

their mothers (15 versus 7 hours), so a single dose may produce
excessively prolonged effect in neonates.** This drug is no longer
available in the United States.

Methohexital

Methohexital is an ultra-short-acting oxybarbiturate that is infre-
quently used for induction. The induction dose for unpremedi-
cated children ranges from 1.0 to 2.5 mg/kg”; premedicated
children require a smaller dose. Recovery after intravenous
administration is more rapid than after thiopental.””! Larger doses
cause skeletal muscle hyperactivity, myoclonic movements, and
hiccups.” Pain at the injection site is common, necessitating

pretreatment with intravenous lidocaine.

Propofol

Propofol is the most commonly used nonbarbiturate intravenous
induction agent in children. The induction dose of propofol
varies with age: the median effective dose (EDs) for a satisfactory
induction in healthy infants 1 to 6 months old is 3.0 + 0.2 mg/
kg, and in healthy children 10 to 16 years old it is 2.4 + 0.1 mg/
kg The 95% effective dose (EDys) in healthy unpremedicated
children 3 to 12 years of age is 2.5 to 3.0 mg/kg.”” The early
distribution half-life is about 2 minutes, and the terminal elimi-
nation half-ife is about 30 minutes.”* Clearance is very large (2.3

+ 0.6 L/min) and exceeds liver blood flow.”” Advantages to pro-
pofol for induction of anesthesia include a reduced incidence of
airway-related problems (e.g., laryngospasm, bronchospasm),
more rapid emergence,” " and a reduced incidence of nausea
and vomiting.”*”* The major disadvantage of propofol is pain at
the site of injection, especially when administered in small veins
(e.g., the back of the hand).””” The administration of lidocaine
(0.5 to 1.0 mg/kg) while applying tourniquet pressure proximal
to the injection site (mini-Bier block) for 30 to 60 seconds before
injecting the propofol effectively eliminates the pain in more
than 90% of patients. However, younger children may not toler-
ate even the discomfort from the Bier block, which is the reason
to consider using nitrous oxide to as an alternative and equally
effective strategy (see Chapter 6). Other techniques reported to
attenuate the pain include mixing lidocaine (0.5 to 1 mg/kg) with
the propofol (but this should be done within 60 seconds of
administration of the propofol), mixing thiopental with the pro-
pofol, refrigerating the propofol, pretreating with an opioid or
ketamine, and diluting propofol to a 0.5% solution.*”*®

In addition to its use as an induction agent, propofol can be
administered by infusion for total intravenous anesthesia (see
Chapter 7) because of its relatively low context-sensitive half-life.
It is especially useful for pediatric patients undergoing non-
operating room procedures such as CT, MR, radiotherapy, bone




52 A Practice of Anesthesia for Infants and Children

marrow biopsy, upper and lower gastrointestinal endoscopy, and
lumbar puncture.

Etomidate

Etomidate is a hypnotic induction agent that provides marked
cardiovascular stability. Etomidate is available for use in the
United States and several other countries, but it is not available
in many others due to concern for adrenal suppression. It is
indicated for the induction of anesthesia in children with sepsis,
cardiac instability, cardiomyopathy, or hypovolemic shock. The
recommended induction dose is 0.2 to 0.3 mg/kg depending on
the cardiovascular status of the child. Etomidate causes pain and
myoclonic movements when injected intravenously’® and may
suppress adrenal steroid synthesis (see also Chapter 6).°”

Ketamine

Ketamine is a very useful induction agent for children with car-
diovascular instability, especially in hypovolemic states, or for
those who cannot tolerate a reduction in systemic vascular resis-
tance, such as those with aortic stenosis or congenital heart
disease in whom the balance between pulmonary and systemic
blood flow is vital for maintaining cardiovascular homeostasis.
In children whose circulation is already maximally compensated
by endogenous catecholamines, ketamine is a myocardial depres-
sant that can result in systemic hypotension.*”! The induction
dose of ketamine in healthy children is 1 to 2 mg/kg. The dose
should be reduced in the presence of severe hypovolemia. Smaller
doses of intravenous ketamine (0.25 to 0.5 mg/kg) have also been
used successfully for procedural sedation.

Ketamine causes sialorrhea, psychomimetic side effects (hal-
lucinations, nightmares), and postoperative nausea and vomiting.
The administration of an antisialagogue and midazolam is recom-
mended to attenuate these side effects.

INTRAMUSCULAR INDUCTION

Although it is preferable to avoid intramuscular injections in
children, there are occasions when this route may be indicated,
such as for the uncooperative child or adolescent who refuses all
other routes of sedation (oral, intranasal, intravenous), those
susceptible to malignant hyperthermia, those with congenital
heart disease, and those who have poor venous access. In infants,
but especially in older children, intramuscular ketamine is a very
useful medication because it is available in a concentrated solu-
tion (100 mg/mL) (see earlier discussion)."” In infants and very
small children, intramuscular methohexital (10 mg/kg of a 5%
solution) produces a state of anesthesia within several minutes.

RECTAL INDUCTION
Rectal drug administration is ideally suited for an extremely
frightened young child who rejects other forms of premedication
and for those who are developmentally delayed. It is usually
limited to children younger than 5 or 6 years of age or smaller
than 20 kg, owing to volume limitations on the fluid injected
and concern over emotional consequences. Methohexital, thio-
pental, ketamine, and midazolam have all been investigated as
agents for rectal induction. For unpremedicated children, the
induction doses are 30 to 40 mg/kg thiopental, 20 to 25 mg/kg
methohexital,*” 1.0 mg/kg midazolam,” and approximately
5 mg/kg ketamine.

Disadvantages of rectal drug administration include failure
to induce anesthesia because of poor drug bioavailability or
defecation and delayed recovery from anesthesia after brief

procedures due to the variability of rectal drug absorption. Con-
versely, there can be a very rapid drug uptake leading to respira-
tory compromise.

FULL STOMACH AND RAPID-SEQUENCE INDUCTION

A full stomach is one of the most common problems that pedi-
atric anesthesiologists face. The preferred method to secure the
airway in the presence of a full stomach is intravenous RSL
Before this is undertaken, the anesthesiologist must ensure that
the proper equipment is at hand: two functioning laryngoscope
blades and handles (should a bulb or contact fail, a spare is avail-
able), two suctions (should the suction be blocked by vomitus or
blood, a second is available), anesthetic medications, a checked
anesthesia workstation with a checked breathing circuit, tracheal
tubes of appropriate sizes, and stylet. All monitors should be
properly functioning, and, at a minimum, the pulse oximeter,
blood pressure cuff, and precordial stethoscope should be applied
(in a crying, struggling child the pulse oximeter may not function
properly until after anesthetic induction).

After intravenous access is established, the child should
breathe 100% oxygen (preoxygenated) if possible. Studies of
adult patients demonstrated that oxygen saturation remains
greater than 95% for 6 minutes after only four vital capacity
breaths of 100% oxygen.** Similar studies have not been per-
formed in either cooperative or uncooperative children; however,
without preoxygenation, younger infants and children desaturate
very rapidly after induction of anesthesia, and much more rapidly
than older children and adults.****® One study demonstrated a
more rapid increase in the inspired oxygen concentration in
infants compared with older patients and that preoxygenation to
a fractional concentration of O, in expired gas (FEO,) of 0.9 can
be achieved in 100 seconds.’” Even with a crying child, it is pos-
sible to increase the arterial oxygen tension (PaO,) by enriching
the immediate environment with high gas flows of oxygen.

Preoxygenation should not be carried out in such a way that
it upsets a child. Premedication (e.g., intravenous midazolam,
0.05 to 0.1 mg/kg) in divided doses may alleviate fear and anxiety
before induction. It is important to preoxygenate children to
avoid positive-pressure ventilation before tracheal intubation
because positive-pressure ventilation might distend the already
full stomach, leading to regurgitation and aspiration. After pre-
oxygenation (and atropine 0.02 mg/kg), anesthesia is induced
with intravenous thiopental (5 to 6 mg/kg),’” propofol (3 to
4 mg/kg),””***”* ketamine (1 to 2 mg/kg), or etomidate (0.2 to
0.3 mg/kg), followed immediately by 2 mg/kg of succinylcho-
line. Succinylcholine is still the paralytic agent of choice for rapid
onset and short duration. However, high-dose rocuronium may
be used as an alternative muscle relaxant for RSI if succinylcho-
line is contraindicated. Intubating conditions 30 seconds after
1.2 mg/kg rocuronium were similar to those after 1.5 mg/kg
succinylcholine.”® The mean time to return 25% of the twitch
response was 46 = 23 minutes (range, 30 to 72 minutes) for
rocuronium compared with 5.8 + 3.3 minutes (range, 1.5 to
8.2 minutes) for succinylcholine. However, if thiopental is used
for induction of anesthesia and followed by rocuronium, the
thiopental must be cleared from the tubing before the rocuronium
is administered to prevent thiopental from precipitating.””! The
availability of a new reversal agent (sugammadex) for rocuronium
(and potentially vecuronium) may reduce concern about the risks
associated with a prolonged duration of action of rocuronium,
particularly in the presence of a difficult airway, and eliminate
the need for intravenous succinylcholine (see Chapter 6).



TABLE 4-6 Contraindications to Cricoid Pressure

Contraindication Potential Complication

Active vomiting Possible rupture of esophagus

Fractured cricoid carfilage may be
made worse.

Sharp foreign body in larynx may result
in further laryngeal injury.

Airway issues

Zenker diverticulum
Sharp foreign body in upper esophagus
may result in further esophageal injury.

Esophageal issues

Vertebral/neurologic * Unstable cervical spine may result in
issues spinal cord injury.

Sharp foreign body in the neck may
result in injury to other structures in
the neck.

From Thiagarajah S, Lear E, Keh M. Anesthetic implications of Zenker's diverticu-
lum. Anesth Analg 1990;70:109-11.

Ciricoid pressure (Sellick maneuver) should be applied as anes-
thesia is induced, and the pressure should be maintained until
the tracheal tube has been successfully placed between the vocal
cords.*"® Unfortunately, few apply cricoid pressure as originally
described by Sellick. The neck is not hyperextended, and a hard
neck rest is not placed beneath the cervical curve. By obliterating
the esophageal lumen, cricoid pressure is intended to prevent
regurgitated material from passing from the stomach to the
pharynx. Before induction of anesthesia, the cricoid ring is pal-
pated between the thumb and the middle finger, and as soon as
the child loses consciousness, pressure is steadily increased using
the index finger. To prevent passive gastroesophageal reflux, a
force of 30 to 40 Newtons (3 to 4 kg of force) must be applied
to the upper esophagus (in adults), which creates an intraluminal
pressure of approximately 50 cm H,O in the upper esophagus.*”*
However, active vomiting may create esophageal pressures in
excess of 60 cm H,O that could overcome cricoid pressure and
result in regurgitation and pulmonary aspiration. Alternatively, if
cricoid pressure is not relieved immediately, spontaneous rupture
of the esophagus (Boerhaave syndrome) may occur. Hence, the
contraindications to cricoid pressure should be carefully reviewed
to avoid complications from this maneuver (Table 4-6). Gastric
insufflation is prevented in children by cricoid pressure during
mask ventilation with peak inspiratory pressures up to 40 cm
H,0.*” The Sellick maneuver should seal the esophagus in the
presence of a nasogastric tube,"® but removal of the nasogastric
tube before intubation provides a better mask fit on the face and
exposure for laryngoscopy and intubation. If the nasogastric tube
is left in place, leaving it open to atmospheric pressure will vent
liquid and gas present in the stomach.

The results of surveys from the United Kingdom showed
that cricoid pressure was used in only 40% to 50% of children
in whom it was indicated."”% Reluctance to apply cricoid
pressure may be attributed to a number of reasons, including
the indications for its use and how often it is applied with
the correct position and pressure.””*!! In adults evaluated with
MRI, the esophagus was situated lateral to the cricoid cartilage
in more than 50% of patients without cricoid pressure and
was laterally displaced more than 90% of the time when cricoid
pressure was applied."? In addition, cricoid pressure may distort
the anatomy of the upper airway, making laryngoscopy more
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FIGURE 4-5 Mean gastric residual volume is plotted against hours of
fasting before anesthetic induction in emergency pediatric cases. These
data suggest that a 4-hour fast, if it does not compromise patient safety,
may reduce gastric residual volume and therefore reduce (but not
eliminate) risk for aspiration. (Data abstracted from Schurizek BA, Rybro L,
Boggild-Madsen NB, Juhl B. Gastric volume and pH in children for
emergency surgery. Acta Anaesthesiol Scand 1986;30:404-8.)

difficult, and it must sometimes be released to facilitate a clear
view of the larynx and tracheal intubation, particularly in
infants."”® Cricoid pressure also decreases the tone of the upper
and lower esophageal sphincters.**"* However, properly applied
cricoid pressure can facilitate intubation with RSI and mask
ventilation.

Evidence suggests that the gastric residual volume in children
undergoing emergency surgery is greater if a child is anesthetized
within 4 hours after hospital admission (1.1 mL/kg)."* If, on the
other hand, surgery can be delayed for at least 4 hours, then the
mean gastric residual volume is on average much less (0.51 mL/
kg)'"®; this gastric residual volume is in fact similar to that
observed in children who have fasted for routine surgical proce-
dures (Fig. 4-5)." This does not imply that these children should
not be regarded as having a full stomach; rather, the risk may be
somewhat reduced if surgery can be delayed several hours. In
addition, evidence suggests that in emergency cases, the gastric
residual volume depends in part, on the time interval between
the last food ingestion and the time of the injury as well as the
severity of the injury.*® Children who last ate more than 4 hours
before the injury have a gastric residual volume similar to those
who fasted as if it were elective surgery (Fig. 4-6). There is some
comfort in these numbers, but one should never consider such children as
not having a full stomach but rather as having a less full stomach. Addi-
tionally, the possible value of H,-blocking agents, metoclo-
pramide, and clear antacids may be considered, but their use in
this regard is not evidence based.

A modified RSI may be preferred in small infants who will
likely desaturate during brief periods of apnea and will therefore
require assisted ventilation before the trachea is secured. Neo-
nates may be intubated awake if indicated; this may provide a
greater margin of safety because it preserves spontaneous ventila-
tion as well as laryngeal reflexes. Skillfully performed awake
intubation in neonates is not associated with either significant
adverse cardiovascular responses or neurologic sequelae’’® and
may be preferred in infants with hemodynamic instability.*”
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FIGURE 4-6 Mean gastric residual volume is plotted against time from last
food ingestion to time of injury. These data suggest that the longer the
time from ingestion to injury, the lower the risk for pulmonary aspiration
of gastric contents. Also, if more than 4 hours has elapsed between the
time of last food ingestion and time of injury, the risk is similar to that for
patients with routine fasting. However, even with a 4-hour fasting time
period, these patients must still be treated as though they have a full
stomach. It should be noted that these volumes also relate to the
severity of injury (increased volumes with increased injury severity).

(Data abstracted from Bricker SRW, McLuckie A, Nightingale DA.

Gastric aspirates after trauma in children. Anesthesia 1989;44:721-4.)

Special Problems

THE FEARFUL CHILD

This is a difficult problem without a satisfactory solution. The
child’s fear is generally based on the child’s developmental status,
the hospital environment, and the impending surgery. This is
why it is so vital that as much information as possible be pre-
sented and queries as to why the child is afraid are so important.
Frequently, a few well-directed questions and honest answers will
resolve most of the child’s concerns. Often, allowing a parent to
hold the child during induction of anesthesia or allowing the
child to hold the anesthetic mask himself or herself, will stop the
flow of tears and settle the child’s emotional upheaval. In other
situations, one commonly practiced solution is to use intramus-
cular ketamine.

AUTISM

Autism is characterized by a delay in the development of social-
ization and communication skills and is the best-studied form of
pervasive developmental disorders. Other types include Asperger
syndrome, Rett syndrome, and childhood disintegrative disorder.
Autism is a clinical diagnosis, with an onset before the age of
3 years. The diagnostic criteria as listed in the Diagnostic and
Statistical Manual of Mental Disorders (DSM-IV) are (1) qualitative
impairment in social interaction, (2) qualitative impairment in
verbal and nonverbal communication, and (3) restricted repeti-
tive and stereotypical patterns of behavior, interests, and
activities.

The overall estimated prevalence of autism spectrum disorders
(ASD) is 1 in 88 (11.3 per 1000), which is an increase over previ-
ous estimates of 1 in 150 (6.4 per 1000) owing to better ascertain-
ment and a broadening of the diagnostic concept.”’®*%* Autism
affects boys more commonly than girls in a ratio of 4:1 to 5:1
with equal distribution in all socioeconomic groups.*® Behavior

and cognitive training is the most effective therapy, but it must
be initiated at as early an age as possible to achieve the best pos-
sible neurologic improvement. Serotonin reuptake inhibitors
may suppress aggression and repetitive behavior.”**** Naltrexone
may be used to decrease the effects of the hypersecretion of
endorphins.*”*** Seizures are present in about 25% of autistic
children and usually manifest in adolescence.*%4*144

The perioperative period can be a stressful time for the child
with autism and his or her family. These children do not respond
well to any change in their routine and may challenge the ingenu-
ity of the anesthesiologist. They are very sensitive to stimuli such
as light, sound, touch, and pain. The hospital setting is anxiety
provoking and usually upsets most autistic children until they
become totally disruptive and uncooperative.

The anesthesiologist’s approach to the autistic child depends
on the severity of the disorder. Information regarding the child’s
previous anesthetic experience, assessment of the child’s behavior
and idiosyncrasies, and bonding with parents or caregivers should
be accomplished during the preanesthetic visit. Sedative premedi-
cation can work very well in these children. The decision to
administer premedication needs to be made on an individual
basis (see “Premedication and Induction Principles”). Oral mid-
azolam (0.5 to 1 mg/kg)** is the most commonly used preopera-
tive anxiolytic for children, although other choices include oral
ketamine (6 mg/kg)””” and a combination of oral midazolam
(0.5 mg/kg) and ketamine (3 mg/kg).”’ The overly anxious child
may be uncooperative with oral medication and may require
intramuscular ketamine. Parents can also offer insight into which
strategies would make their child’s life easier during this difficult
time. It is important to take the time to address parental concerns
and establish a trust relationship with the family.

There is great variation in the severity of autism and hospital
needs of these children.*”® The focus for optimal management of
these children in one institution was on early communication to
provide a flexible and individualized admission process and anes-
thetic plan.’”® A quiet room may offer advantage preoperatively
for more severe cases. Where premedication was indicated, oral
midazolam (0.5 mg/kg) was effective for mild cases and oral
ketamine (7 mg/kg) was most reliable for moderate and severe
cases. The oral medication was mixed in the child’s favorite clear
liquid.

Although parental presence during induction combined with
oral midazolam is no more beneficial in reducing a child’s anxiety
than oral midazolam alone,'? for this population parental pres-
ence is most often beneficial (since the child knows and trusts
their parent or parents) in helping the child reach the operating
room. Finally, the appropriate use of parents in the postanesthe-
sia care unit can facilitate the transition from surgery to recovery.
Studies have shown that children who are reunited with their
parents sooner require less pain medication and are discharged
earlier in an ambulatory setting."?

ANEMIA

The minimum hematocrit necessary to ensure adequate oxygen
transport in children has not been well established. Preoperative
hemoglobin testing, however, is of limited value in healthy
children undergoing elective surgery when minimal blood loss
is expected.”” Children with chronic anemia, such as those
with renal failure, do not require preoperative transfusion
because of compensatory mechanisms, such as increased
2,3-diphosphoglycerate, increased oxygen extraction, and
increased cardiac output. Elective surgery for children who are



anemic should take into consideration their medical history,
underlying diseases (e.g., hemoglobinopathies, von Willebrand,
sickle cell, other factor deficiency), the nature of the surgery,
and its urgency. Most pediatric anesthesiologists would recom-
mend a hematocrit greater than 25% before elective surgery
in the absence of chronic disease. If significant blood loss is
anticipated and the surgery is elective, then the cause of anemia
should be investigated and treated and the surgery postponed
until the hematocrit is restored to the normal range. Healthy
children scheduled for elective surgery that is not expected to cause
substantive bleeding should not routinely receive a blood transfusion
Just to bring their hematocrit to an arbitrary limit such as 30%.

Physiologic anemia of infancy occurs between 2 and 4 months
of postnatal age. At this time, there is an increased production of
hemoglobin A and an increase in red cell 2,3-diphosphoglycerate,
which contribute to a right shift of the oxygen-hemoglobin
dissociation curve (see Chapter 9). Therefore, in infants 2 to
4 months of age, a reduced hemoglobin value is acceptable.
Anemia, with a hematocrit of less than 30%, in formerly preterm
infants represents a special category of patients who may have an
increased incidence of postoperative apnea (see later discussion),
but transfusion is still not recommended.***

UPPER RESPIRATORY TRACT INFECTION

Most anesthesiologists agree that the presence of an acute puru-
lent upper respiratory tract infection (URI), fever, change in
mental state or behavior, or signs pertaining to a lower respiratory
tract infection (i.e., wheezing and rales) are sufficient grounds
to postpone elective surgery for approximately 4 weeks.”” How-
ever, the child with a nonpurulent active or recent URI (within
4 weeks) often presents a conundrum, even for the most experi-
enced anesthesiologist.

Between 20% and 30% of all children have a runny nose
during a significant part of the year. In the preanesthetic evalua-
tion, we must rely on history, physical examination, and, rarely,
laboratory data to decide whether to proceed with the anesthesia.
A differential diagnosis of a child with a runny nose is presented
in Table 4-7.

The perioperative and postoperative risks of anesthetizing
children with URIs are poorly understood. In part, this stems

TABLE 4-7 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
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from study bias in that procedures for many children with
symptomatic URIs are cancelled before the day of surgery,
thus precluding them from inclusion in the studies. Another
difficulty is the variable definition of a URI, which limits the
external validity of these studies. Finally, study design flaws
or inadequacies including retrospective, nonrandomized, and
nonblinded studies have created inconsistencies among the
published results.

A number of perioperative risks have been studied.*””” The risk
of postintubation croup was similar in children who had an active
URI and those who did not. However, some children in that
study had “tight-fitting” tracheal tubes, which may have con-
founded the results.”® Intraoperative complications including
atelectasis and cyanosis were described in a series of children with
a history of a recent URI. Very severe complications have been
associated with the administration of anesthesia in children with
recently infected airways, although the study was retrospective
and lacked a case-matched control population.”! In another ret-
rospective study, the incidence of intraoperative complications
in children with URIs was similar to that in children without
URIs.” This study included children with an active URI at the
time of anesthesia and some whose tracheas were intubated.
However, the authors did report a greater incidence of respiratory
complications in those who had recently had a URI. In a prospec-
tive cohort study in which children who were scheduled for
myringotomy and tube placement for chronic ear infection were
matched with controls who did not have a URI, the morbidity
from face mask general anesthesia was no different from that in
the children who did not have a URL*? However, it is difficult
to evaluate this study because bronchospasm would not be
expected without tracheal intubation.***** Bronchospasm occurs
more frequently in children whose tracheas are intubated and
who have active URIs.” The incidence of bronchospasm in
children with a URI (41:1000) is 10-fold greater than it is in those
without a URI. Mechanical stimulation of the airway appears to
be an important trigger for bronchospasm.”* The incidence of
laryngospasm in children with a URI (96 : 1000) is fivefold greater
than it is in children without a URI (17:1000).*** The incidence
of minor but not major intraoperative hemoglobin desaturation
events in children with a URI is greater than in those without a
URL*® Lastly, the incidence of all respiratory-related adverse
events combined in children with a URI was 9-fold greater than
in those without a URI and 11-fold greater in children who had
a URI and required tracheal intubation.*”’

When the a tracheal tube and LMA were compared in chil-
dren with a URI, the incidence of mild bronchospasm, major
desaturation events, and overall respiratory events was reduced
in the presence of a LMA, although the incidence of laryngo-
spasm was similar with the two airway devices."**¥

Prognostic factors of adverse anesthetic events in children
with URIs who were scheduled for elective surgery include the
type of airway management (tracheal intubation > LMA), that
the parent states that the child has a “cold,” the presence of nasal
congestion, snoring, passive smoking, the induction agent (thio-
pental > halothane > sevoflurane ~ propofol), sputum produc-
tion, and whether the neuromuscular agent was antagonized."*
Propofol depresses laryngeal reflexes and may decrease airway
responsiveness by relaxation of bronchial smooth muscle.*"**
Several variables, including wheezing, fever, malaise, and age,
could not be excluded as predictors of adverse events because
procedures in some children were deferred or cancelled after their
preoperative visit.

i
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In a similar study, three children with a recent or active URI
required unanticipated admission to hospital.** Logistic regres-
sion determined that the risk factors associated with adverse
outcomes in children with URIs included the presence of copious
secretions (P = 0.0001), nasal congestion (P = 0.014), passive
(parental) smoking (P = 0.018), and reactive airway disease (P =
0.028), as well as whether the child had been a premature infant
(P =0.007). ASA status did not correlate with adverse outcomes.
Age has not been an independent predictor of adverse events in
children with URIs in most studies, although this study suggested
that the incidence of bronchospasm in infants younger than
6 months old with active URIs was greater (20.8% versus 4.7%,
P =0.08) than in older children.*? This same study also demon-
strated that the incidence of oxygen desaturation in children
younger than 2 years of age was greater than it was in older
children (21.5% versus 12.5%, P = 0.023). Tracheal intubation in
children younger than 5 years of age was an independent risk
factor for postoperative respiratory adverse events (P = 0.0002).**
Neither the duration of anesthesia nor the depth of anesthesia at
the time of extubation (awake versus deep) was a risk factor.
Children with active URIs who were anesthetized and main-
tained with sevoflurane had the smallest incidence of adverse
events. The greatest incidence of adverse respiratory events
occurred in children undergoing airway surgery (e.g., tonsillec-
tomy and adenoidectomy, direct laryngoscopy, bronchoscopy).
This study concluded that children with active and recent URIs
(within 4 weeks) are at greater risk for adverse respiratory events,
particularly if there is a history of reactive airway disease, of
surgery involving the airway, or of prematurity, passive smoke
inhalation, nasal congestion or copious secretions, or require-
ment for a tracheal tube.

In another study that examined the risk factors for adverse
anesthetic events in children with URIs, adverse respiratory
events were greater in children who were premedicated with
midazolam, in those who were extubated while deeply anesthe-
tized, and in those who had peak URI symptoms that occurred
within the preceding 4 weeks. However, specific preoperative
symptoms were not useful in predicting respiratory adverse
events during emergence from anesthesia.**

Cancellation of cardiac surgery carries special import because
of the risk that the child’s heart will deteriorate or the disease
process will progress (e.g., pulmonary hypertension) as well as the
extensive time, materials, and personnel committed to a planned
case. In a prospective study of children scheduled for cardiac
surgery, the incidences of respiratory adverse events (29.2% versus
17.3%, P < 0.01), multiple postoperative complications (25%
versus 10.3%, P< 0.01), and bacterial infection (5.2% versus 1.0%,
P=0.01) were greater in those with a URI than in those without."*
Logistic regression identified the presence of a URI as an inde-
pendent risk factor for both postoperative infections and multiple
postoperative complications. Although the duration of the inten-
sive care unit stay was greater for children with URIs (80 = 90
versus 60 £ 60 hours, P < 0.01), the duration of hospital stay was
not (8.4 versus 7.8 days, P> 0.05).

A national survey suggested that more experienced anesthesi-
ologists are less likely to cancel surgery because of the presence
of a URL*® Cancellation may also impose emotional and eco-
nomic burdens on the parents.*”**® Factors that should be con-
sidered when deciding whether to proceed with elective surgery
in a child with a URI are summarized in Table 4-8.

On the basis of the best evidence available at the present time,
a child with a mild URI that is not of acute onset may be safely

TABLE 4-8 Factors Affecting Decision for Elective Surgery in

a Child with Upper Respiratory Tract Infection

Proceed with Caution Consider Cancellation

Child has “just a runny nose,”
no other symptoms, “much
better”

* Parenfs 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 and symptoms » Wheezing, rales that do not clear
have leveled off or have
improved

* Older child * Child <1 year, ex-premie

Social issues: hardship for * Other factors: history of reactive
parents to be away from airway disease, major operation,
work, insurance will run out endotracheal tube required
Fever >38.5° C

Inpatient procedure that may
result in exposure of
immunocompromised children to
viral/bacterial infection

No fever

Outpatient procedure
that will not expose
immunocompromised
children to possible
infectious agent

From Tait AR, Malviya S. Anesthesia for the child with an upper respiratory tract
infection: still a dilemma? Anesth Analg 2005;100:59-65.

anesthetized for minor surgical procedures; if a tracheal tube is
required, then the risk of bronchospasm, laryngospasm, and
desaturation events increases. ?*#47%404%3 Tt i5 reagsuring to note
that most such adverse perioperative events are not associated
with significant morbidity; that is, the severity of oxygen-
hemoglobin desaturation is similar in children with and without
a URL*’ Such children may also be more susceptible to mild
episodes of oxygen desaturation in the recovery room. Once
again, these episodes are readily treated with supplemental
oxygen administration.**

Insofar as which techniques will help to prevent complica-
tions from a URI, pretreating healthy children who either had
a URI within the preceding 6 weeks or had an active URI with
bronchodilators, either inhaled ipratropium or albuterol, before
anesthesia provided no benefit. In addition, there was no asso-
ciation between either a recent URI or an active URI and the
incidence of desaturation, wheezing, coughing, stridor, or laryn-
gospasm causing desaturation.” However, in another study,
children with a recent URI (<2 weeks in duration) who received
preoperative salbutamol experienced a significantly reduced
incidence of laryngospasm, bronchospasm, oxygen desaturation
(<95%) and severe coughing with an LMA or tracheal tube.*’
Humidification, intravenous hydration, and anticholinergics may
also decrease perioperative complications,* although the results
of at least one study suggested that glycopyrrolate did not
reduce the incidence of perioperative adverse respiratory events
when it was given after induction of anesthesia to children
with URIs.*?

If a child is recovering from a URI, the child’s physical exami-
nation should be near normal. If this is true, anesthesia can gener-
ally proceed without increasing the risks substantively. However,
if the child with a URI requires prolonged tracheal intubation,
the clinician must use his or her judgment and experience
together with consultation with the parents and surgeon to deter-
mine whether to proceed with or postpone anesthesia, 43446453



If the decision is to postpone anesthesia, then how long
should one wait before undertaking general anesthesia? Bronchial
hyperreactivity, which is associated with URIs in children, shows
spirometric changes in the lungs for as long as 7 weeks after a
URL**** Although studies suggest that surgery should be post-
poned for at least 7 weeks after resolution of a URI, this plan
is impractical because most children will be infected with a new
URI by that time. Postponing surgery until 2 weeks after resolu-
tion of the URI is a common but as yet unproven strategy. In
fact, some data suggest that the incidence of adverse respiratory
events is just as great in this population as it is in those who
were anesthetized during the acute phase of the URL***> This
2-week waiting period may be acceptable in a child with uncom-
plicated nasopharyngitis.*”® Unfortunately, there is no consensus
on the optimal time interval before surgery is rescheduled. In
a survey of anesthesiologists, most wait 3 to 4 weeks before
proceeding with surgery.**® The rationale for this time period is
that the risk of respiratory complications is unchanged for 4 to
6 weeks."

In conclusion, there are always risks associated with anesthe-
sia, even in children without URIs. In children with URIs, we
must wait 4 to 6 weeks or longer for these risks to return to
baseline. Therefore, in children who have had a URI, we can
tailor our anesthetic management to further decrease these risks
(by using propofol, an LMA, or a face mask instead of a tracheal
tube), but the risk cannot be reduced to zero. Good judgment,
common sense, clinical experience, and informed consent from
the parents or guardians must be used when deciding whether to
proceed or postpone the surgery. All of these deliberations and
discussions including the risks and benefits should be docu-
mented in the chart (see Chapter 11 for additional discussion and
perspectives).

OBSTRUCTIVE SLEEP APNEA SYNDROME

Sleep apnea is a sleep-related breathing disorder in children char-
acterized by a periodic cessation of air exchange, with apnea
episodes lasting longer than 10 seconds and an apnea-hypopnea
index (AHI) indicating that the total number of obstructive
episodes per hour of sleep is greater than 1 (AHI 1-5 = mild OSA,
6-10 = moderate OSA, >10 = severe OSA).*’ Sleep apnea may
be defined as central (absent gas flow, lack of respiratory effort),
obstructive (absent gas flow, upper airway obstruction and para-
doxical movement of rib cage and abdominal muscles) or mixed
(due to both CNS defect and obstructive problems). Diagnosis
is made by clinical assessment (see later discussion), nocturnal
pulse oximetry, or polysomnography studies.

Obstructive sleep apnea syndrome (OSAS) is manifested by
episodes that disturb sleep and ventilation. These episodes occur
more frequently during rapid-eye-movement (REM) sleep and
increase in frequency as more time is spent in REM sleep periods
as the night progresses. OSAS occurs in children of all ages
(about 2% of all children) but more commonly in children 3 to
7 years of age. It occurs equally in boys and girls, although the
prevalence is greater in African American children.*®

Signs of OSAS are sleep disturbances (including daytime
sleepiness), irritability, night terrors, nocturnal enuresis, snoring
loud enough to hear through a closed door, pauses and/or
gasps during the night, failure to thrive resulting from poor
intake due to tonsillar hypertrophy, speech disorders, and
decreased size (decreased growth hormone release during dis-
turbed REM sleep). With the worldwide increase in childhood
obesity, the presence of obesity in children with OSAS
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exacerbates the signs and symptoms of OSAS. Parents of obese
children should be specifically asked about such signs and
symptoms. This syndrome can cause significant cardiac, pul-
monary, and CNS impairment due to chronic oxygen desatura-
tion. Indeed, both OSAS and obesity are systemic inflammatory
responses.””” When they occur together in a child, the severity
of the signs and symptoms are greater than if only one had
occurred, and resolution of the OSAS after tonsillectomy is
less likely. In children with OSAS and morbid obesity, the
incidences of hypertension and diabetes are greater than in the
absence of these disorders. Therefore it is important to evaluate
the cardiovascular status; although right ventricular dysfunction
with pulmonary hypertension is classic, biventricular hypertro-
phy can develop. It is more likely to occur in children with
severe OSAS but has been reported in children with only mild
OSAS.* Cardiac evaluation is recommended for any child with
signs of right ventricular dysfunction, systemic or pulmonary
hypertension, or multiple episodes of desaturation below 70%.
Electrocardiography and chest radiography are insensitive diag-
nostic tests; rather, echocardiography is recommended.*' Relief
of the tonsillar/adenoidal obstruction can reverse many of these
disorders and prevent progression of others (pulmonary hyper-
tension and cor pulmonale) within 6 months after tonsillectomy,
although approximately 30% of children with severe OSAS will
not have resolution of the OSAS after tonsillectomy.

Children with OSAS may be premedicated with caution with
oral midazolam. Despite an incidence of self-limited preoperative
desaturation of less than 1.5%, post-premedication monitoring
of hemoglobin saturation in these children would seem reason-
able.*? Avoidance of premedication may, however, be more
advantageous postoperatively.

Children who are at increased risk for postoperative upper
airway obstruction after tonsillectomy and/or adenoidectomy
for OSAS include age younger than 2 years, craniofacial anoma-
lies, failure to thrive, hypotonia, morbid obesity, previous upper
airway trauma, cor pulmonale, a polysomnogram with a respira-
tory distress index (RDI) greater than 40 or O, saturation nadir
less than 85%, and a child undergoing an additional uvulo-
palatopharyngoplasty (UPPP)."® Nocturnal desaturation to less than
85% wupregulates the genes responsible for control of opioid receptors,
resulting in an increased sensitivity to opioids; opioid requirement is
reduced by approximately 50%, making standard doses of opioids a
relative overdose in children with severe OSA. This has been dem-
onstrated in both animals and humans.**** To attenuate the
risk of perioperative respiratory complications, opioids should
be carefully titrated to the respiratory responses during surgery,
and if an increased sensitivity to opioids is detected, all peri-
operative opioids should be reduced accordingly (see Chapter
31 for further details)."® If nocturnal upper airway obstruction
continues after tonsillectomy, ancillary strategies that have been
met with variable success have been used: nasal continuous
positive airway pressure (CPAP) or bi-level positive airway pres-
sure (BiPAP), nasal steroids, oxygen therapy, and weight loss,
although nasal CPAP/BiPAP is rarely tolerated in children.*

The American Academy of Pediatrics (AAP) Clinical Practice
Guidelines*® provide recommendations for inpatient monitoring
of children at high risk for postoperative complications who
have OSAS and are undergoing adenotonsillectomy (Table 4-9).
It should be noted that there is an ongoing concern regarding
where these children should undergo surgery (in an ambulatory
center or in a hospital) and the monitoring these children
should have postoperatively (extended observation followed by
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TABLE 4-9 The American Academy of Pediatrics Clinical
Practice Guidelines: Risk Factors for Postoperative

Respiratory Complications in Children with OSAS
Undergoing Adenotonsillectomy

Age younger than 3 years

Severe OSAS on polysomnography
Cardiac complications of OSAS (e.g., right ventricular hypertrophy)
Recent respiratory infection
Craniofacial disorders

Neuromuscular disorders

Cerebral palsy

Down syndrome

Failure to thrive

Obesity

Prematurity

Sickle cell disease

Central hypoventilation syndromes
Genetic, metfabolic, or storage disease
Chronic lung disease

Modified from Clinical practice guideline: diagnosis and management of childhood
obstructive sleep apnea syndrome. Pediatrics 2002;109:704-12.
OSAS, Obstructive sleep apnea syndrome.

discharge home or overnight observation). In addition to the
AAP guidelines, the ASA considers this such a growing problem
for both adults and children that they also have formulated a
Practice Guideline. Tables 4-10 and 4-11 (modified for children)
help to clarify the identification and assessment of children
potentially at risk for OSA and offer a proposed (although as
yet unvalidated) risk assessment scoring system.'”” This system
attempts to characterize those patients who are at significantly
increased risk for perioperative complications.

Among children 1 to 18 years of age with OSAS, those
without complicating medical conditions such as neuromuscular
disease, obesity, or craniofacial abnormalities but with mild sleep
apnea may have either no or some improvement in their airway
obstruction on the night of surgery. Based on current literature,
one may consider discharging children 3 to 12 years of age home
on the day of surgery after an extended period of observation (4
to 6 hours), if they meet these criteria. However, those with
moderate to severe OSA (particularly obese children) may actu-
ally experience worse OSA on the night of their surgery.'*®'*
These children should receive reduced doses of opioids and be
admitted for overnight monitoring with pulse oximetry and an
apnea monitor."”’

ASYMPTOMATIC CARDIAC MURMURS

The presence of a cardiac murmur is a common finding in
children”! and may have significant anesthetic implications.
Never underestimate the potential implications of a newly diag-
nosed heart murmur. A history should be obtained to delineate
the nature of the murmur. In most cases, the parents will report
that the murmur was detected previously by the child’s pediatri-
cian and determined to be an “innocent flow murmur” without
any anatomic or physiologic abnormalities. When a pediatric
cardiologist confirms the classic clinical features of an innocent
murmur, an echocardiogram seldom reveals heart disease, espe-
cially if the child is older at presentation.'”” Howewver, cven an
experienced cardiologist can occasionally make a misdiagnosis; the only
certain means to exclude a structural defect within the heart is with

TABLE 4-10 Candidate Criteria for Identification
and Assessment of OSA*

A: Clinical Signs and Symptoms Suggesting Obstructive Sleep Apnea
(0SA)
1. Predisposing physical characteristics

a. >95th percentile for age and gender

b. Craniofacial abnormalities affecting the airway (e.g., Down syndrome)
¢. Anafomic nasal obstruction

d. Tonsils nearly fouching or touching in the midline (kissing tonsils)

2. History of apparent airway obstruction during sleep (two or more of
the following are present; if patient sleep is not observed by another
person, then only one of the following needs fo be present)

. Snoring (loud enough to be heard through a closed door)

. Frequent snoring

. Observed pauses in breathing during sleep

. Awakened from sleep with choking sensation

. Frequent arousal from sleep
Intermittent vocalizations during sleep

. Parental report of restless sleep, difficulty breathing, or struggling
respiratory efforts during sleep

h. Parental report of enuresis

a 0o an o

3. Somnolence (one of the following is present)

a. Frequent somnolence or fatigue despite adequate “sleep”

b. Falls asleep easily in a nonstimulating environment (e.g., watching
television) despite adequate “sleep”

c. Parent or teacher comments that the child appears sleepy during
the day, is easily distracted, is overly aggressive, or has difficulty
concentrating

d. Child is often difficult to arouse at usual awakening time

B: Determination of Severity

a. If a child has signs or symptoms in two or more of the above
categories, there is a significant probability that he or she has OSA.
The severity of OSA may be determined by sleep study. If a sleep
study is not available, such patients should be treated as though
they have moderate sleep apnea unless one or more of the signs of
symptoms above is severely abnormal (e.g., =95th percentile for
age and gender, respiratory pauses that are frightening to the
observer, child snores loudly enough to be heard through a closed
door, child regularly falls asleep within minutes after being left
unstimulated), in which cases patients should be treated as though
they have severe sleep apnea.

b. If a sleep study has been done, the result should be used to
defermine the perioperative anesthetic management of a child.
(Review the polysomnogram for evidence of nocturnal
desatfurations <85%, which increases sensitivity to opioids).
However, because sleep laboratories differ in their criteria for
defecting episodes of apnea and hypoxemia, the Task Force
recommends that the sleep laboratory’s assessment (none, mild,
moderate, or severe) take precedence over the actual apnea-
hypopnea index (AHI, the number of episodes of sleep-disordered
breathing per hour). If the overall severity is not indicated, it may
be determined by using the following table:

Severity of OSA Adult AHI Pediatric AHI
None 05 0

Mild OSA 6-20 1-5

Moderate OSA 21-40 6-10

Severe OSA >40 >10

Modified from Gross JB, Bachenberg KL, Benumof JL, et al. Practice guidelines for
the perioperative management of patients with obstructive sleep apnea: a report
by the American Society of Anesthesiologists Task Force on Perioperative Manage-
ment of Patfients with Obstructive Sleep Apnea. Anesthesiology 2006;104:
1081-93.

*Note: This table has been modified for children; the scoring system is infended
only as a guide and has not been validated.



TABLE 4-11 OSA Risk Scoring System: Example*

A. Severity of Sleep Apnea Based on Sleep Study (or Clinical
Indicators if Sleep Study Is Not Available: Point Score 0-37%)
Severity of OSA

None
Mild
Moderate

w N — O

Severe

B. Invasiveness of Surgery and Anesthesia: Point Score 0-3

Type of surgery and anesthesia

Superficial surgery under local or peripheral nerve block 0
anesthesia without sedation

Superficial surgery with moderate sedation or general 1
anesthesia

Peripheral surgery with spinal or epidural anesthesia
(with no more than moderate sedation)

Peripheral surgery with general anesthesia
Airway surgery with moderate sedation
Major surgery with general anesthesia

w w NN

Airway surgery with general anesthesia (e.g., fonsillectomy)

C. Requirement for Postoperative Opioids: Point Score 0-3

Opioid requirement

None 0
Low-dose oral opioids (tonsillectomy) 1
High-dose oral opioids, parenteral or neuraxial opioids 3

D. Estimation of Perioperative Risk—Overall Score Equals the Score for
“A" Plus the Greater of the Score for “B” or “C": Possible Score 0-6°

Modified from Gross JB, Bachenberg KL, Benumof JL, et al. Practice guidelines for
the perioperative management of patients with obstructive sleep apnea: a report
by the American Society of Anesthesiologists Task Force on Perioperative Man-
agement of Patients with Obstructive Sleep Apnea. Anesthesiology 2006;104:
1081-93.

*Note: This table has been modified for children. A scoring system similar to this
table may be used to estimate whether a child is at increased perioperative risk of
complications from OSA. This example has not been clinically validated, and such
a scoring system is simply meant to provide guidance.

fOne point may be subtracted if a patient has been on continuous positive airway
pressure (CPAP) for noninvasive positive-pressure ventilation before surgery and
will be using his or her appliance consistently during the postoperative period.
*One point should be added if a child with mild or moderate OSA also has a resting
arferial carbon dioxide tension greater than 50 mm Hg.

SChildren with a score of 4 may be at increased perioperative risk from OSA;
children with a score of 5 or 6 maybe at significantly increased perioperative risk
from OSA.

an echocardiogram.'” In general, nonpathologic murmurs occur
during systole and are soft and nonradiating with normal feel
to peripheral pulses; there are normal blood pressures in both
upper and lower extremities. However, if the murmur is harsh
and difficult to localize, if there are bounding pulses, if the
murmur is louder than grade II/VI, or if it is accompanied by
other findings (Tables 4-12 and 4-13), then further evaluation
is warranted.”’* If the murmur has not been detected previously,
referral to a pediatric cardiologist is indicated or an echocar-
diogram by an experienced pediatric echocardiographer should
be obtained before induction of anesthesia.’”

FEVER
The presence of a low-grade fever before elective surgery poses a
dilemma whether to proceed with anesthesia or to delay. In
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TABLE 4-12 Grading of Heart Murmurs

Grade | Heard only with intense concentration

Grade Il Faint, but heard immediately

Grade Il Easily heard, of intermediate intensity

Grade IV Easily heard, palpable thrill /vibration on chest wall

Grade V Very loud, thrill present, audible with only edge of
stethoscope on chest wall

Grade VI Audible with stethoscope off the chest wall

Modified from Emmanouilides GC, Allen HD, Riemenschneider TA, Gutgesell HP.
Moss and Adams heart disease in infants, children, and adolescents including the
fetus and young adult. 5th ed. Baltimore: Williams & Wilkins; 1995.

TABLE 4-13 Symptoms and Signs of Heart Disease

Feeding difficulties: disinterest, fatigue, diaphoresis, tachypnea,
dyspnea

Poor exercise tolerance

Tachypnea, dyspnea, grunting, nasal flaring, and intercostal,
suprasternal, or subcostal retractions

Frequent respiratory tract infections (a result of compression of
airways by plethoric vessels leading to stasis of secretions and
atelectasis)

Central cyanosis (involving warm mucous membranes: fongue and
buccal mucosa) or poor capillary refill

Absent or abnormal peripheral pulses

Modified from Pelech AN. Evaluation of the pediatric patient with a cardiac murmur.
Pediatr Clin North Am 1999;46:167-88.

general, if a child has only 0.5° C to 1.0° C of fever and no other
symptoms, this degree of fever is not a contraindication to
general anesthesia. However, if the fever is associated with a
recent onset of rhinitis, pharyngitis, otitis media, dehydration, or
any other sign of impending illness, it is prudent to postpone the
procedure. If the planned surgery is of an urgent nature, every
effort should be made to reduce the fever before induction of
anesthesia, primarily to reduce oxygen demands. Reduction of
the fever should not include aspirin, because aspirin may inter-
fere with platelet function and is associated with Reye syndrome.
Ibuprofen may be associated with an increase in bleeding time’"
and should be avoided before surgery. On the other hand, acet-
aminophen has no effect on platelet function and is an excellent
antipyretic. It is rapidly absorbed when administered orally, pro-
ducing adequate blood concentrations within several minutes. In
contrast, rectal administration requires at least 60 minutes to
achieve a significant blood concentration.?®” There is no evi-
dence that an existing fever predisposes to a malignant hyper-
thermic reaction.””’

POSTANESTHESIA APNEA IN FORMERLY PRETERM INFANTS
The formerly preterm infant may have a multitude of residual
problems owing to intensive care therapy, prolonged intubation,
and still-maturing organogenesis. The incidence of subglottic
stenosis is increased in this population. These infants are also
prone to developing perioperative respiratory complications.””®
At the time surgery is scheduled, these infants may or may not
have intermittent apnea spells, although they often appear
normal for their age. Since the original descriptions of this sub-
group of infants, a number of prospective studies have defined
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FIGURE 4-7 The predicted probability of apnea for all infants was inversely
related to gestational age at the time of birth and postconceptional age at
the time of surgery. The probability of apnea was the same regardless of
postconceptional age or gestational age for infants with anemia. (dashed
magenta line) (From Coté CJ, Zaslavsky A, Downes JJ, et al. Postoperative
apnea in former preterm infants after inguinal herniorrhaphy: a combined
analysis. Anesthesiology 1995;82:807-8.)

the population at greatest risk for postoperative apnea.’?*¥54

Formerly premature infants of less than 44 weeks postconcep-
tional age (PCA) are at a greater risk for apnea after general
anesthesia than are those older than 44 weeks PCA, although the
risk of postanesthetic apnea in preterm infants who are older than
44 weeks PCA remains substantial (approximately 5%).”*® In an
analysis of eight published prospective papers from four institu-
tions conducted over 6 years, the incidence of apnea varied
inversely with the both gestational age and PCA (E-Fig. 4-5).*%
For example, consider two infants who are now 45 weeks PCA:
one was born at 28 weeks and the other at 32 weeks of gestation.
The risk of apnea in the 28-week gestational age infant is twice
that in the 32-week gestational age infant (Fig. 4-7).** Similarly,
consider two infants of the same gestational age: one anesthe-
tized at 45 weeks PCA and the other at 50 weeks PCA. The
younger-PCA infant would be at greater risk for postoperative
apnea.

The diagnosis of apnea in the postoperative period depends
on the type of apnea device used to monitor the infants (E-Fig.
4-5). For example, simple observation and impedance pneumog-
raphy are more likely to miss an apneic episode than are continu-
ous recording devices.*®**® Preterm infants with anemia
(hematocrit <30%) are more prone to apnea, and the incidence
is unrelated to PCA or gestational age (see Fig. 4-7).7%% Tt
appears that the risk for apnea exceeds 1% with statistical cer-
tainty until approximately 56 weeks PCA in infants with a gesta-
tional age of 32 weeks or 54 weeks PCA in those with a gestational
age of 35 weeks, if one excludes anemic infants and those with
obvious apnea in the recovery room. This analysis determined
that (1) apnea was strongly and inversely related to both gesta-
tional age and PCA; (2) ongoing apnea at home is a risk factor;
(3) small-for-gestational-age infants are protected from apnea
compared with appropriate- and large-for-gestational-age infants;
(4) anemia is a significant risk factor, particularly for infants of
more than 44 weeks PCA; and (5) a history of necrotizing entero-
colitis, neonatal apnea, respiratory distress syndrome, broncho-
pulmonary dysplasia, or operative use of opioids or muscle
relaxants did not correlate with postoperative apnea.**® Each clini-
cian must decide how to balance the risk of an unrecognized
apnea with the benefit of proceeding with the surgery in terms

of cost savings and not hospitalizing the infant for overnight
monitoring.*”’ The most practical and appropriate plan is to
admit and monitor all formerly preterm infants who are less than
60 weeks PCA until they are free of apnea for a minimum of
12 hours.

In a subsequent study of preterm infants, four anesthetic
techniques were compared: sevoflurane induction and mainte-
nance, halothane induction and maintenance, halothane
induction/desflurane maintenance, and thiopental induction/
desflurane maintenance.””” No major episodes of apnea occurred
in any of the 40 formerly preterm infants who were less than
60 weeks PCA and undergoing hernia repair, although there was
at least one episode of breath-holding or self-limited apnea in
each group. In view of the small sample size in this study, the
upper 95% confidence interval that no apnea episodes will occur
in all formerly preterm infants is only 92%. Although the majority
of formerly preterm infants in a microanalysis of eight studies were anes-
thetized with halothane,™ apnea has been reported with all anesthetics,
including sevoflurane, desflurane, and regional anesthesia (spinal or
caudal epidural, discussed later).">***

The preoperative evaluation of these infants requires discus-
sion with the pharmacy regarding the availability of intravenous
caffeine, discussion with the intensive care unit regarding avail-
ability of a monitored bed postoperatively, and discussion with
the family regarding the perioperative risks of anesthesia and
apnea. If the child is receiving theophylline or caffeine preopera-
tively, this therapy should be continued postoperatively.*” If the
child is not receiving theophylline or caffeine preoperatively,
there is no evidence to support the administration of aminophyl-
line postoperatively, but there is weak evidence that caffeine
(10 mg/kg) may prevent postoperative apnea spells in high-risk
infants.*®*” The pharmacokinetics of caffeine in preterm and
full-term neonates suggest that a single intravenous dose of caf-
feine will have a clinical effect that may last for several days.
However, the pharmacokinetics of caffeine change dramatically
with age: in older infants (e.g., those who are 60 weeks PCA), the
half-life of caffeine is reduced to approximately 5 hours (E-Fig.
4-6).° Larger, well-controlled studies are indicated before caf-
feine can be advocated for all infants at risk for postoperative
apnea. A Cochrane review of prophylactic caffeine to prevent
postoperative apnea after general anesthesia in formerly preterm
infants concluded that although caffeine can be used to prevent
postoperative apnea, bradycardia, and episodes of oxygen desatu-
ration in growing preterm infants, there was insufficient evidence
to adopt this as routine anesthetic practice.*” If caffeine is admin-
istered to a formerly preterm infant, postoperative admission and over-
night respiratory monitoring are still required, becanse caffeine is not
100% effective in preventing postoperative apnea.

Apnea may be related to many causes besides prematurity
(Fig. 4-8). The most common causes after surgery, however, relate
to metabolic derangements, pharmacologic effects, or CNS
immaturity. Metabolic causes of apnea such as hypothermia,
hypoglycemia, hypocalcemia, acidosis, and hypoxemia should
also be considered and avoided (see Chapters 35 and 36). Phar-
macologic effects cannot be avoided, because administering
anesthesia requires the use of drugs, and most drugs used in
anesthesia depress the respiratory system either directly or indi-
rectly. Most inhalation agents, opioids, and sedatives depress the
central response to carbon dioxide in adults in a dose-related
fashion.”® Respiratory depression is probably even more likely
to occur in neonates who have an immature respiratory center.
Studies of adults have demonstrated both ablation of the



Preoperative Evaluation, Premedication, and Induction of Anesthesia

60.e1

1.0 1
It — Average
q’ - .
§ 0.8 1 = = Kurth
5 0.6 -=== Welborn
= == Malviya
% 0.4 1 - Warner
Q s ool
S 0.2 s e
e e e .

0.0 1

35 40 45 50 55 60

Postconceptual age (weeks)

E-FIGURE 4-5 Predicted probability of apnea in recovery room and
post-recovery room by weeks postconceptional age for all patients for
each investigator. Bottom marks indicate the number of data points versus
postconceptional age. The curves for the Kurth et al. and Welborn et al.
studies are nearly identical in the upper range, and for the Malviya et al.
and Warner et al. studies in the lower range. There was significant
institution-to-institution variability. The reasons for this are unclear but may
represent differences in monitoring technology as well as patient
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FIGURE 4-8 Apnea, defined as the absence of movement of air at the
mouth or nose, may have many causes. Those that anesthesiologists are
most often involved with are of metabolic, pharmacologic, or respiratory
origins.
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FIGURE 4-9 Pharmacologic interventions may result in several sequences
of events leading fo apnea. FRC, Functional residual capacity.

response to hypoxia and potentiation of that response by hyper-
carbia in the presence of halothane in concentrations as low as
0.1%; therefore, residual anesthetic action may contribute to the
development of apnea in infants.*”” In addition, most pharma-
cologic agents used in anesthesia decrease muscle tone of the
upper airway, thus contributing to the development of upper
airway obstruction, more labored breathing, fatigue, and apnea
in the perioperative period.”® Potent inhalation anesthetic agents
also decrease intercostal muscle tone, reducing functional resid-
ual capacity and thereby increasing the propensity to develop
hypoxemia (Fig. 4-9).”%

Regional anesthesia has been used to reduce the risk of post-
operative apnea associated with general anesthesia. Regional tech-
niques may offer advantages over general anesthesia, but apnea
has been associated with regional anesthesia techniques.***""=%
In a study that compared spinal with general anesthesia, the
incidence of desaturation and bradycardia but not apnea was
reduced in the spinal group.”” In a review of four studies that
utilized regional (spinal, epidural, caudal) versus general anesthe-
sia in formerly preterm infants undergoing inguinal herniorrha-
phy in early infancy, there was no convincing evidence to support
the use of spinal anesthesia as part of the standard practice in
inguinal herniorrhaphy, although there was some evidence that
spinal anesthesia reduced the incidence of postoperative apnea
in an infant population who were not given additional seda-
tion.”” Additive drugs used to prolong the duration of a spinal
or caudal block, such as clonidine, have been associated with
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apnea.’®>% Spinal anesthesia is also associated with a significant
failure rate and the need for multiple attempts to achieve accurate
placement of the needle,®' although in experienced hands, the
success rate for placing a spinal block was 97.4% and an adequate
level of spinal anesthesia was achieved in 95.4% of infants. In
summary, formerly preterm infants should not be anesthetized as ont-
patients even when a regional technigue has been used; they require
admission_for postoperative monitoring overnight for apnea.

With respect to full-term neonates, three reports have
described infants who developed apnea after apparently unevent-
ful general anesthesias.”'*" Therefore, if a full-term infant who
is younger than 44 weeks PCA demonstrates any abnormality of
respiration after anesthesia, we recommend that they be admitted
overnight for monitoring for apnea. The algorithms in Figure
4-10 can be used as a decision tree for outpatient surgery in the
term and formerly preterm infant.

HYPERALIMENTATION

Intravenous alimentation is frequently used as a means of life

support and to prepare children for surgery. It is important for

anesthesiologists to identify the composition and rate of admin-
istration of these fluids so that potential intraoperative complica-
tions can be avoided. Most of these solutions are hypertonic,

have high glucose content, and must be administered through a

centrally placed intravenous route.

The basic principles of care are as follows:

1. Avoid contaminating the line. It is best not to puncture the
line for administering medications or changing fluid.

2. Do not discontinue the glucose-containing solution, because
the relative hyperinsulinemic state could induce hypogly-
cemia, the signs of which might be masked by general
anesthesia. In contrast, intralipid infusions should be dis-
continued before surgery, because it is a culture medium
if contaminated.

3. An infusion device should be used at all times so that the
rate of infusion is constant. Accidental rapid infusion of
large amounts of hyperalimentation fluid can cause a hyper-
tonic nonketotic coma.’’* There is no consensus on the
intraoperative management of hyperalimentation solutions.
Some clinicians reduce the infusion rate by 33% to 50% to
avoid hyperglycemia resulting from a reduced metabolic rate
due to the effects of anesthetic agents and a reduced body
temperature, whereas others leave the infusion rate unchanged
to avoid intraoperative hypoglycemia.

4. Perioperative and intraoperative monitoring of glucose, potas-
sium, sodium, and calcium, as well as acid-base status, is
important for long procedures.

5. Preoperative confirmation of correct intravascular line place-
ment (radiography or aspiration of blood) is important to
avoid intraoperative complications such as hydrothorax or
hemothorax.

DIABETES

Diabetes mellitus is the most common endocrine problem
encountered in children. Preoperative assessment should include
a thorough knowledge of the child’s insulin schedule. The pre-
operative fasting time should be the same as that recommended
for nondiabetics. Every attempt should be made to schedule a
diabetic child as the first case of the day to minimize the fasting
period. Several protocols have been advocated for glycemic
control in diabetics. An intravenous infusion that contains 5%
glucose and electrolytes at a maintenance infusion rate should
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/

<30 days of age

Y

>30 days of age
(otherwise healthy)

¢ First case of the day

* Consider regional block for analgesia
(caudal, nerve block, local infiltration)

¢ Extended PACU observation

* Admit to monitored bed overnight
(appropriately staffed and equipped)

Y
If not properly staffed and equipped,

* First case of the day

» Consider regional block for analgesia
(caudal, nerve block, local infiltration)

¢ Extended PACU observation

* Discharge home only if completely uneventful
recovery, adequate pain control, adequate
fluid intake

A refer to another facility
Preterm infants
A /
<60 weeks PCA >60 weeks PCA
(otherwise healthy)*

Y /
¢ First case of the day ¢ First case of the day
* Consider regional block for analgesia * Consider regional block for analgesia

(caudal, spinal, nerve block, local infiltration) (caudal, spinal, nerve block, local infiltration)
* Try to avoid long-acting drugs * Try to avoid long-acting drugs
* Consider caffeine 10 mg/kg IV * Extended PACU observation
¢ Extended PACU observation * Discharge home only if a totally uneventful
» Admit to appropriately staffed and equipped recovery, adequate pain control, adequate
facility fluid intake

* Monitor for at least 12 apnea-free hours

/

If not properly staffed and equipped,
refer to another facility
*If not healthy then additional safety precautions
B should be taken as clinically indicated

FIGURE 4-10 Algorithms used as a decision tree for outpatient surgery in term infants (A) and in former preterm infants (B). PACU, Postanesthesia care unit;

PCA, postconceptional age.

be started to avoid hypoglycemia. Blood glucose concentrations
should be monitored just prior to induction, intraoperatively,
and postoperatively until the child is back on a routine schedule.
A more detailed discussion of the perioperative management of
the child with diabetes is presented in Chapter 25.

BRONCHOPULMONARY DYSPLASIA

Bronchopulmonary dysplasia is a form of chronic lung disease
associated with prolonged mechanical ventilation and oxygen
toxicity in preterm neonates. Antenatal glucocorticosteroids,
early surfactant therapy, and gentler ventilation modalities cur-
rently utilized have reduced the severity of lung injury. The clini-
cal manifestations of bronchopulmonary dysplasia include

tachypnea, dyspnea, and airway hyperactivity, as well as oxygen
dependence. These infants suffer from hypoxemia, hypercarbia,
abnormal functional airway growth, tracheomalacia, bronchoma-
lacia, subglottic stenosis, increased pulmonary vascular resistance,
and congestive heart failure. Pulmonary function abnormalities,
including a reduced functional residual capacity, reduced diffu-
sion capacity, airway obstruction, and reduced exercise tolerance,
may persist into the school-age years. Many also suffer neurode-
velopmental problems and seizures. Some also have a cardiomy-
opathy due to corticosteroid therapy in the neonatal period or
the combination of corticosteroid therapy and viral infections;
others have systemic hypertension. These children are often cared
for at home on oxygen therapy with diuretics, digoxin, and



B,-agonists. Preoperative preparation should focus on optimizing
oxygenation, reducing airway hyperactivity, and correcting elec-
trode abnormalities caused by chronic diuretic therapy. Particular
attention should be paid to fluid balance and avoiding excessive
hydration. Chronic hearing problems may be an additional
concern and may necessitate avoiding nitrous oxide. Adequate
expiratory time to avoid excessive positive-pressure ventilation is
important, and the potential for subglottic stenosis may necessi-
tate using a smaller than expected tracheal tube. Use of an LMA
may offer some advantage in select situations by reducing the
incidence of coughing, wheezing, and hoarseness.

SEIZURE DISORDER

Management of children with seizure disorders requires a knowl-
edge of the antiseizure medications, medication schedule, and
possible interactions between these medications and anesthetic
drugs. The stress of surgery and anesthesia may lower the seizure
threshold and cause a seizure. Seizure medications should be
continued until the time of elective surgery. Characterization of
the clinical manifestations of the seizure is useful so as to be able
to diagnose potential seizures postoperatively. If the child is
expected to have a significant problem with oral intake postop-
eratively, then a game plan with the child’s neurologist should
be developed so as to build a transition to intravenous antiseizure
medications. Preoperative and postoperative management of
anticonvulsant blood concentrations may also ensure proper
therapeutic effect (see also Chapter 22).

SICKLE CELL DISEASE

Whenever a child presents with either sickle cell disease or sickle
cell trait, the anesthetic and postanesthetic management must be
modified (see also Chapters 9 and 11). It is important to obtain
a detailed family history, and if the child has not been previously
tested, a sickle preparation should be obtained. If a sickle test is
positive and the surgery is elective, then surgery should be post-
poned pending a hemoglobin electrophoresis to more carefully
delineate the nature of the hemoglobinopathy. It must be empha-
sized that the status of hydration and oxygenation is critical for
all children with sickle cell disease or trait. A secure intravenous
route with hydration of at least 1.5 times maintenance is recom-
mended well into the postoperative period, especially after pro-
cedures in which ileus may result. Meticulous attention to detail
to ensure stable cardiovascular and ventilatory status establishes
adequate oxygenation to prevent sickling. Pulse oximetry is of
particular value in managing these children by providing an early
warning of desaturation. Children with hemoglobin SC are espe-
cially at risk because they have a relatively normal hemoglobin
level yet are extremely vulnerable to sickling. Further recommen-
dations regarding management of these children, including indi-
cations for preoperative transfusion to bring the hemoglobin
concentration to 10 g/dL, are discussed in Chapter 9.
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ANNOTATED REFERENCES

Craven PD, Badawi N, Henderson-Smart DJ, O’Brien M. Regional (spinal,
epidural, caudal) versus general anaesthesia in preterm infants under-
going inguinal herniorrhaphy in early infancy [review]. Cochrane
Database Syst Rev 2003;CD003669.

The review found that there is not enough evidence from trials to show whether
spinal block improves outcome for a preterm infant having surgery for inguinal
hernia.

Henderson-Smart DJ, Steer P. Prophylactic caffeine to prevent post-
operative apnea following general anesthesia in preterm infants
[review]. Cochrane Database Syst Rev 2001;CD000048.

Caffeine can be used to prevent postoperative apnea/bradycardia and episodes of
oxygen desaturation in growing preterm infants if clinically necessary. There
is a need to determine with further studies which infants might benefit most by
this treatment.

Holzman RS. Clinical management of latex-allergic children. Anesth
Analg 1997;85:529-33.

Latex-allergic children can be safely anesthetized if exposure to latex in the medical
environment is avoided, and administration of prophylactic medication to
decrease the response is unnecessary.

Kain ZN, Mayes LC, Wang SM, Hofstadter MB. Postoperative behavioral
outcomes in children: effects of sedative premedication. Anesthesiol-
ogy 1999;90:758-65.

Premedication of children with midazolam is not only beneficial in reducing pre-
operative anxiety but also results in fewer negative behavioral changes during
the first postoperative week.

Schwengel DA, Sterni LM, Tunkel DE, Heitmiller ES. Perioperative
management of children with obstructive sleep apnea. Anesth Analg
2009;109:60-75.

An excellent review article on the diagnosis, treatment, and anesthetic manage-
ment of children with obstructive sleep apnea syndrome.

Skinner CM, Rangasami J. Preoperative use of herbal medicines: a patient
survey. Br J Anaesth 2002;89:792-5.

Self-administration of herbal medicine is common in patients presenting for
anesthesia. Because of the potential for side effects and drug interactions, it
is important for anesthesiologists to be aware of their use. This is a good
overview of herbal medicines and potential perioperative complications with
their use.

Tait AR, Malviya S, Voepel-Lewis T, et al. Risk factors for perioperative
adverse respiratory events in children with upper respiratory tract
infections. Anesthesiology 2001;95:299-306.

Several risk factors for perioperative adverse respiratory events in children were
identified: use of an endotracheal tube (<5 years of age), history of prematurity,
history of reactive airway disease, paternal smoking, surgery involving the
airway, presence of copious secretions, and nasal congestion.

Warner MA, Warner ME, Warner DO, Warner LO, Warner EJ. Periopera-
tive pulmonary aspiration in infants and children. Anesthesiology
1999;90:66-71.

The frequency of perioperative pulmonary aspiration in children is quite low.
Serious respiratory morbidity is rare, and there were no associated deaths in
this review. Infants and children with clinically apparent pulmonary aspira-
tion in whom symptoms did not develop within 2 hours did not have respira-
tory sequelae.
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THERE ARE TWO OVERARCHING THEMES of this chapter: (1) Anesthesi-
ologists must take seriously “the experience, perspective, and
power of children,” and (2) anesthesiologists should treat every
child and family with the grace and consideration with which
they would want their own child and family treated.

Taking seriously the experience of children means involving
interested children in developmentally appropriate decision
making. Anesthesiologists should not solicit a child’s views
without intending to seriously consider them. Pro forma solicita-
tions are harmful.

Treating every child like your own means taking time to allow
premedication to work, even if it leads to criticism for a delayed
anesthesia start time start. It means rigorously following sterile
practice protocols for central lines. It means patiently explaining
anesthetic options to the parents as many times as needed.

Bioethics helps motivated physicians to identify and resolve
ethical dilemmas. Solving ethical dilemmas is not solely a matter
of being moral. Consider a child with an upper airway respiratory
infection. Usually, the surgery would be postponed, but suppose
the child has missed two previous surgical dates because of an
unstable home situation. While the anesthesiologist is explaining
the risks of proceeding, the mother distractedly says to proceed
because “we’re already here.” The anesthesiologist has to deter-
mine what is in the child’s best interest by weighing the risks of
proceeding or not proceeding, the duty to ensure that the child
receives necessary health care, the weight to be given the moth-
er’s consent to proceed, and the duty to “do no harm.” Mindful
anesthesiologists will seek to identify lurking conflicts of interest
in considering whether to proceed.

Informed Consent

The American Academy of Pediatrics (AAP) bases pediatric
informed consent on assent, informed permission, and the best
interests standard.!

THE INFORMED CONSENT PROCESS

Assent: The Role of the Patient

Although most children cannot legally consent to medical care,
children should share in decision making to the extent that their
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development permits (Table 5-1). As children grow older, partici-
pation in decision making should increase, depending on both
their maturity and the consequences involved in the decision.”

School-age children are developing decision-making capacity,
so anesthesiologists should seek both informed permission from
the parent and assent and participatory decision making from the
child. School-age children are capable of using logic and reason
and are able to define and relate multiple aspects of a situation.
Such situations may include whether to sedate a 6-year-old before
an inhalation induction, whether to use an inhalation or intra-
venous induction of anesthesia in an 8-year-old, and whether to
place an epidural for postoperative analgesia in a 12-year-old.

Many adolescents older than 14 years of age have the ability
to use abstract thought, apply complex reasoning, foresee out-
comes, simultaneously evaluate multiple options, and under-
stand concepts such as probability. Anesthesiologists should try
to fulfill the ethical requirements of consent while obtaining
assent. Although some adolescents have cognitive abilities similar
to those of adults, adolescents may be hindered by insufficient
emotional development. Situations involving these aspects may
include obtaining consent from a 14-year-old for anesthesia for
scoliosis surgery or from a 16-year-old for an awake thoracic
epidural placement for a pectus repair.

Informed Permission and the Best Interests Standard

Parents have traditionally acted as the surrogate decision makers
for their children, and legally they give consent. But surrogate
consent does not fulfill the spirit of consent, which is based
on obtaining an individualized autonomous decision from the
patient receiving the treatment. The AAP has suggested that the
proper role for the surrogate decision maker is to provide znformed
permission.' Informed permission has the same requirements as
informed consent, but it recognizes that the doctrine of informed
consent cannot apply.

The best interests standard requires decision makers to select the
objectively best care. It acknowledges that the cornerstone of
informed consent, the right to self-determination, is inapplicable
when it is impossible to know or surmise from previous interac-
tions a child’s likely preference. Using this standard requires
determining (1) who will make the decision and (2) what is the



TABLE 5-1 Graduated Involvement of Minors in Medical
Decision Making*

Age Decision-Making Capacity Techniques

<6 year None Best interests
standard

6-12 year Developing Informed permission

Informed assent

Informed assent
Informed permission

13-18 year Mostly developed

Mature minor  Developed, as legally Informed consent
determined by a judge, for a

specific decision. Although

particulars vary by state, the

mature minor doctrine in

general requires adolescents

to be at least 14 years old

and tends to permit

decisions of lesser risk.

Developed as defermined Informed consent
by statutes defining eligible

situations (e.g., being

married, in the military,

economically independent).

Emancipated
minor

*This broad outline should be viewed as a guide. Specific circumstances should be
faken into consideration.

best care. The difficulties arise in assuming that there is always
one best choice, because if there is, it should not matter who
makes the decision. In our society, acceptable decision making
is broadly defined. Parents capable of participating in the
decision-making process are the appropriate primary decision
makers. This is in part due to society’s respect for the concept of
the family and the assumption that parents care greatly for their
children. Although a child’s preferences cannot be known, it is
reasonable to assume that because children will incorporate some
of the parents’ values as they mature, parental values are a good
first approximation for the child’s future values.* A few have
argued that the presumption that parents are the best decision
makers needs to be more closely examined." These objections
center on the legitimacy of the parents’ knowledge of the
preferences of the child’s future self. Although these concerns
are theoretically interesting and help physicians understand the
complexities of the best interests standard, the standard is that
parents have extensive leeway in determining what is in a child’s
best interests.

One way to decide what is in the best interests of the child is
to define what choices fall outside the range of acceptable deci-
sion making. Criteria to make this determination include the
extent of harm to the child deriving from the intervention or its
absence, the likelithood of success, and the overall risk-to-benefit
ratio. In the classic Baby Doe case, a child was born with Down
syndrome and duodenal atresia and was permitted to die without
intervention. Public discussion ensued, and it was thought that
not repairing a correctable lesion was outside the bounds of
acceptable undertreatment. The case spurred passage of so-called
Baby Doe regulations, which define what care must be given to
certain infants. In this effort to avoid unacceptable undertreat-
ment, some believe that such regulations cause unacceptable
overtreatment of patients, primarily because regulations are crude
instruments for dissecting complex clinical situations.
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Parents can make bad decisions. Although anesthesiologists
must respect the diversity values and the parent—child relation-
ship, decision making that imperils the health of a child needs
to be challenged. If parents are choosing unacceptable treat-
ments, anesthesiologists should determine the basis of their
judgment, address those specific concerns, and involve other
clinicians both to offer an assessment of the appropriateness of
care and to engage the parents in discussion. Charging parents
with not acting in the child’s best interests is serious and can
have significant social, fiscal, and familial ramifications. If the
parents remain steadfast, however, anesthesiologists should
report the situation to proper child welfare authorities for pos-
sible legal action.

Disclosure

The “reasonable person” standard, the legal standard for most of
the United States, requires that the information disclosed be
sufficient to satisfy a hypothetical reasonable person. However,
this standard does not define exactly what information should
be given, and it does not take into account the patient’s desires
and needs. The “subjective person” standard suggests that
informed consent should be matched to the wants and needs of
the decision makers. Although the subjective person standard
better fulfills the spirit of informed consent, its greater ambiguity
makes it difficult to use as a legal standard.

Rather than rely on a rote informed consent process, anesthe-
siologists should seek to satisfy the needs of the decision makers
by meeting their information and decision-making needs. Patients
and surrogates differ in the extent to which they prefer to receive
information and to participate in decision making.™® In general,
10% to 15% of patients may prefer less information than their
peers. Overall, a quarter of patients want to be the primary deci-
sion maker, a quarter want the physician to be the primary
decision maker, and half want some form of shared decision
making.®”"

Anesthesiologists should inform families about matters that
the anesthesiologist feels must be communicated and about
options that affect the perioperative experience (e.g., regional
versus general anesthesia). Following this baseline, anesthesiolo-
gists can then ask whether the decision makers wish to know
more. By being attentive to the words and actions of the decision
makers, anesthesiologists can tailor the process. The likelihood
of being sued based on informed consent malpractice issues is
very rare. Patient-driven interactions likely reduce malpractice
lawsuits."!

Performing patient-centered informed consent often requires
communication of the anesthesiologist’s opinion along with an
explanation of the supporting reasons. With this information, the
patient is better able to determine which anesthetic approach
provides the most desired benefits.

Informed Refusal

The requirements to achieve an informed refusal of a procedure
are similar to the requirements for informed consent in that
decision makers should be substantially well versed about the
risks, benefits, and alternatives before declining. When parents
refuse what clinicians believe is necessary care for a child who
cannot participate in the decision-making process, clinicians may
invoke the best interests standard. This situation is more com-
plicated when the child expresses significant decision-making
capacity and refuses nonemergent procedures. Anesthesiologists
should respect the right of children (typically those over the age




66 A Practice of Anesthesia for Infants and Children

of 10 years) not to assent to a procedure, and they should not
coerce the child to proceed. In children, particularly adolescents,
the distinction between persuasion and coercion is critical. Per-
suasion, the act of using argument and reason to influence a
patient’s decision, is appropriate. Coercion, the outright use of a
credible threat, manipulation, or misleading information, is not.
Achieving the child’s assent may necessitate further discussions
with the child, parents, and other providers, and such discussions
may best take place away from the operating room.

Consider a 15-year-old who is scheduled for an elective knee
arthroscopy. The day before the procedure, she gave assent and
her parents gave informed permission for anesthesia and surgery.
She is now crying in the preoperative area and refusing to cooper-
ate. Rather than forcibly or surreptitiously sedating her, the anes-
thesiologist should discuss her concerns. If she is unable to
discuss the issues, the anesthesiologist should consider removing
her from the area and giving her time to regain composure before
readdressing the situation. Simple actions often allow the situa-
tion to be resolved. If the withdrawal of assent was in part related
to anxiety, the child may assent to receiving ample premedication
before returning to the holding area. Anesthesiologists must
obtain her assent before administering the sedation, however, and
not simply assume that forceful or surreptitious administration
is justified.

Doctor, If This Were Your Child, What Would You Do?
Physicians should respond to requests for advice by using medical
facts to explain how different paths support specific values, so
that decision makers can choose the most concordant path.
However, the question, “If this were your child, what would you
do?” can be asked for a number of different reasons, forcing
physicians to put the question into a broader context.'>"

For example, parents may be declaring that they are having
difficulty comprehending the overwhelming information and
need help making a reasonable decision. Perhaps they are actually
asking what would give their child the best chance of getting
better. In this situation, physicians should explain the reasons
and values underlying their personal choice.

Parents may be looking for support that they are making the
right choice in an untenable situation. Physicians should answer
with their best judgment if they agree with the family. If they
disagree, physicians should lend support through comments such
as, “Other parents in the same situation have made the same
choice,” or by acknowledging that it is normal to feel uncertain."
If the family persists in asking what they should do, physicians
may wish to acknowledge that their choice might have been
different. Physicians should emphasize, however, that parental
values are more valid than physician values when referring to
their own child.

Parents may be asking for help in making a life-altering deci-
sion. One way of approaching this question is to offer a process
for answering the question (e.g., “I would talk with the chaplain”).
Physicians should feel comfortable admitting that are unable to
determine what they would do if in the same situation. Honesty
reinforces the difficulty of the decision for the parents.

Disclosure and Apology of Medical Errors

Hiding medical errors is indecent and breaches informed
consent." Fear, inadequate support, and lack of education prevent
physicians from disclosing and apologizing appropriately.'*!®
Forthrightly disclosing medical errors, although upsetting, often
strengthens the patient—physician relationship. Learning about a

hidden medical error destroys trust and rapidly (and often appro-
priately) triggers legal action.

Physician apologies or sympathetic comments often are pro-
hibited as legal evidence of wrongdoing."” Nonetheless, disclos-
ing and apologizing may influence whether patients pursue legal
action and whether such action is successful.***' Sincere (not pro
forma!) apologies and subsequent redress to prevent future occur-
rences improves the patient—physician relationship, minimizing
the likelihood of legal action.!!

Physicians without expertise in disclosure and apology often
botch the process. Disclosure is a process over time. Initial dis-
closure should take place as soon as possible after an event and
should center on the medical implications.””?* Do not speculate
about cause or fault. When disclosing, it is wise to bring along
an appropriate colleague who can help with the disclosure by
providing psychological support for the patient and family. Soon
thereafter, a specific, permanent liaison to the family should be
identified. The liaison should be available to arrange meetings,
explain the results of the investigation into the cause of the event,
and describe plans to prevent future events. The liaison should
be trained and experienced in apology and disclosure (e.g., a
colleague in risk management).

An apology expresses regret or sorrow. Sincere apologies followed by
consistent actions are priceless; insincere apologies are costly. It is always
appropriate to apologize for the adverse effects of an event. And
although the standard teaching is that physicians should not
assume responsibility for an event before an investigation is
performed, it seems bizarre to dissemble about clear errors. As
an example, after reassuring the parents that their child is
unharmed, I would readily admit that because I had inadvertently
given a muscle relaxant instead of an anticholinesterase, their
child will require a brief stay in the intensive care unit until ready
for tracheal extubation. To evade responsibility (e.g., “Somehow
one drug was given when another was intended”) for a clear error
mocks the apology.

Anesthesiologists should also acknowledge, apologize, and
recommend remedies for future difficult situations such as mul-
tiple intravenous catheter insertions or a very stressful anesthetic
induction.

SPECIAL SITUATIONS IN PEDIATRIC INFORMED CONSENT
Confidentially for Adolescents

The obligation to maintain confidentiality requires physicians to
protect patient information from unauthorized and unnecessary
disclosure. Confidentiality is necessary for an open flow of infor-
mation.” The anesthesiologist enhances trust by interviewing the
adolescent in private, acknowledging the adolescent’s concerns
about confidentiality, and following through on promises. Eman-
cipated and mature minors have a right to complete confidential-
ity. For other adolescents, if maintaining confidentiality entails
minimal harm, physicians should encourage adolescents to be
forthright with parents but respect their decision not to be. If
maintaining confidentiality may result in serious harm to the
adolescent, physicians may be ethically justified in notifying the
parents.”

The Pregnant Adolescent

Anesthesiologists face confidentially issues when an adolescent
has a positive pregnancy test before anesthesia. Given the prin-
ciples of confidentiality, it is ethically appropriate to inform only
the adolescent of the positive pregnancy test.* Because many
locales statutorily prohibit sharing pregnancy information with



anyone other than the adolescent, anesthesiologists must share
this information with the adolescent without letting the parents
know. Anesthesiologists should involve pediatricians, gynecolo-
gists, and social workers with expertise in adolescent issues in this
discussion.

Matters may become more complex if the surgeon, anesthe-
siologist, adolescent, and other advisors believe the case should
be postponed and the adolescent chooses not to inform her
parents about the pregnancy test. Anesthesiologists must be
careful not to inadvertently inform the parents of the pregnancy
test while postponing anesthesia and surgery. Nor should anes-
thesiologists betray the adolescent by saying, “The case is post-
poned. If you want to know why, ask your daughter.” Although
such a statement is factually true and within the letter of the
law of confidentially, terse obliqueness scorns the spirit of
confidentially.

As a parent of an impregnable adolescent, I understand the
desire of anesthesiologists to tell the parents. But I would suggest
that anesthesiologists who feel that way are too narrowly applying
their own experiences and expectations. Not all parents are wise
and gentle, and not all homes are safe and healthy. Confiden-
tially statutes specifically address concerns about child abuse in
pregnant adolescents.

To what extent anesthesiologists should protect the adoles-
cent’s confidentiality is debatable. Nonetheless, because the
parents have no legal right to that information, I believe that
more active deception, although less desirable, is appropriate if
necessary. Successful deception avoids initiating diagnostic evalu-
ations or treatment and does not unduly worry parents. For
example, attributing the delay to “hearing a new murmur” or an
abnormal laboratory value “just found” are poor reasons to give
to parents. Vague, unremarkable reasons such as “an oncoming
cold” are best.

It is rare to condone deception. Deception should not be
undertaken without serious reservations. But under certain
circumstances, the obligation to the patient may supersede pro-
hibitions on deception. At times, the harms of not deceiving
outweigh the harms of deceiving.

The Adolescent and Abortion

Even though pediatric patients who are pregnant may be consid-
ered emancipated, many states require some form of parental
involvement, such as parental consent or notification, before an
elective abortion.”” If a state requires parental involvement, the
ability of the minor to circumvent this regulation by seeking
relief from a judge, known as judicial bypass, must be available.
Requirements and enforcement of statutes vary from state to
state.”” The need for parental involvement in a minor’s planned
abortion is not always legally straightforward, and it may be best
to consult with hospital counsel in determining these issues.
Although this is clearly an area in which honorable people dis-
agree, it is worth noting that both the AAP and the American
Medical Association (AMA) have affirmed these rights.>***

Children of Jehovah’s Witnesses

Jehovah’s Witnesses interpret biblical scripture as prohibiting
transfusion therapy because blood holds the “life force” and
anyone who takes blood will be “cut off from his people” and
not earn eternal salvation.””® Adults may refuse transfusion
therapy because it is assumed they are making an informed deci-
sion about the risks and benefits of transfusion. However, based
on the obligations of the state to protect the interests of
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incompetent patients, courts have uniformly intervened when
parents desire to refuse transfusion therapy on behalf of their
children.

Obtaining informed permission and assent for the care of a
ward of a Jehovah’s Witness should address transfusion therapy.
Anesthesiologists should clarify which therapy is acceptable. Syn-
thetic colloid solutions, dextran, erythropoietin, desmopressin,
and preoperative iron are usually acceptable. Note that erythro-
poietin is available in two forms: lyophilized, and dissolved in
saline with trace concentrations of albumin. Jehovah’s Witnesses
who accept albumin will accept either formulation, whereas those
who refuse albumin should be offered the lyophilized formula-
tion. Some Jehovah’s Witnesses will accept the removal and
return of blood in a continuous loop (e.g., cell saver blood). The
family should understand, however, that in a life-threatening situ-
ation, the anesthesiologist will seek a court order authorizing the
administration of life-sustaining blood. In instances in which the
likelihood of requiring blood is high or the local judiciary is not
that familiar with case law for Jehovah’s Witnesses, the anesthe-
siologist may choose to obtain a court order in advance of the
operation.

A common concern is the sudden need for an emergent
transfusion in a healthy child undergoing a low-risk procedure.
In emergencies, based on the obligation to protect children,
anesthesiologists should take the legally correct and ethically
appropriate action to protect the child by transfusing blood
without a court order. A court order may then be sought if
desired.

For procedures that may be safely delayed, decision makers
may consider postponing the procedure until the child is of suf-
ficient age and maturity to decide about transfusion therapy. The
complexity is whether the delay may increase the risk or decrease
the likelihood of a good outcome. This decision requires the
same balancing act as for determining the best interests for a
child. Relevant factors include the quantitative change in risk or
benefit and the significance of the type of risk or benefit. For
example, it may be easier to wait on a procedure that is purely
cosmetic than on a procedure for which waiting entails a small
chance of causing a permanent injury. If individual clinicians
choose to honor the wishes of a mature minor, they must ensure
the fidelity of the agreement by making certain that postoperative
and on-call clinicians will honor the mature minor’s wishes.

Emergency Care

Anesthesiologists should provide necessary emergent care for
minors who do not have a parent available to give legal consent.™
Emergencies include problems that could cause death, disability,
and the increased risk of future complications.

The right of an adolescent to refuse emergency care treatment
turns on the adolescent’s decision-making capacity and the result-
ing harm from refusal of care.! If the harm is significant and
the adolescent’s rationale is decidedly short-term or filled with
misunderstanding, it becomes necessary to consider whether the
adolescent has sufficient decision-making capacity for this deci-
sion. In this situation, it may be appropriate to consider what
is in the best interests of the adolescent. For example, a 15-year-
old football player with a cervical fracture might refuse emer-
gency stabilization, stating that he does not want to live life
without football. Most would hold that his conclusion overly
values short-term implications, especially in light of the sud-
denness of the injury, and that he should receive emergency
treatment.
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THE IMPAIRED PARENT

Parents may be unable to fulfill surrogate responsibilities because
of acutely impaired judgment, such as being intoxicated.*”” Anes-
thesiologists will then have to weigh the benefits of waiting for
appropriate legal consent against what is in the best interests of
the child. It may be in the child’s best interests to proceed with
a routine procedure in the situation of an impaired parent who
is unable to give legal consent. Anesthesiologists may wish to
consult legal and risk management colleagues for guidance.

End-of-Life Issues

FORGOING POTENTIALLY LIFE-SUSTAINING

TREATMENT

Perioperative Limitations on Life-Sustaining

Medical Therapy

The concept of limiting potentially life-sustaining medical
therapy (LSMT) is the same for children as is for adults. Decision
makers choose to limit LSMT because they do not consider the
potential burdens worth the potential benefits.*® The AAP, the
American Society of Anesthesiologists (ASA), and the American
College of Surgery mandate reevaluation of any limitations on
LSMT before proceeding to the operating room.**

Readers will note a shift from the term “Do Not Resuscitate”
to terms similar to “Life-Sustaining Medical Therapy.” One
purpose of this shift is to emphasize that desired limitations on
medical treatment are continuous rather than dichotomous. The
term “potentially” is often used to modify LSMT to emphasize
the uncertainty about whether a therapy will be life sustaining.

Reevaluation of LSMT preferences for the perioperative
period starts with clarifying the patient’s goals for the proposed
surgery and end-of-life care (Table 5-2). Anesthesiologists should
involve the patient, family, and other clinicians such as surgeons,
intensivists, and pediatricians in determining what is in the best
interests of the child.

TABLE 5-2 Components of a Pediatric Perioperative
LSMT Discussion

Planned procedure and anticipated benefit to child

Advantages and opportunities of having specific, identified clinicians
providing therapy for a defined period

Likelihood of requiring resuscitation

Reversibility of likely causes for resuscitation

Description of potential interventions and their consequences

Chances of successful resuscitation including improved outcomes of
witnessed arrests compared to unwitnessed arrests

Ranges of outcomes with and without resuscitation

Responses fo iatrogenic events

Intended and possible venues and types of postoperative care

Postoperative timing and mechanisms for reevaluation of the
limitations on LSMT

Establishment of an agreement (which may include a full
resuscitation status) through a goal-directed approach

Documentation

Adapted from Truog RD, Waisel DB, Burns JP. DNR in the OR: a goal-directed
approach. Anesthesiology 1999;90:289-95; and Fallat ME, Deshpande JK. Do-not-
resuscitate orders for pediatric patients who require anesthesia and surgery. Pedi-
atrics 2004;114:1686-92.

LSMT, Life-sustaining medical therapy.

Benefits of potentially LSMT include an improved quality of
life and prolongation of life under certain circumstances. Burdens
include intractable pain and suffering, disability, and events that
cause a decrement in the quality of life, as viewed by the patient.”
These guidelines help in considering short- and long-term goals
and putting into appropriate context specific fears such as long-
term ventilatory dependency, pain, and suffering.

Legitimate procedures for a child with limitations on LSMT
include procedures that decrease pain, provide vascular access,
enable the child to be at home, treat an urgent problem unrelated
to the primary problem (e.g., appendicitis), or treat a problem
that may be related but is not considered a terminal event (e.g.,
bowel obstruction). But seeking these interventions does not
obviate the desire to avoid potential postresuscitation burdens
such as need for extensive ventilator support, cognitive deficits,
or physical limitations.

The goal-directed approach for perioperative limitations on
LSMT permits decision makers to guide therapy by prioritizing
outcomes rather than procedures.”® After defining desirable out-
comes, decision makers have anesthesiologists use their clinical
judgment to determine how specific interventions will affect
achieving the specific goals. Predictions about the success of
interventions made at the time of the resuscitation are more
accurate than predictions made preoperatively, when the quality
and nature of the problems are unknown. Therapy may be guided
by goals rather than specific procedures (as is done on the ward),
because during the perioperative period children are cared for by
dedicated anesthesiologists for brief, defined periods. It is helpful
to define a goal-directed approach by discussing the acceptable
burdens, the desirable benefits, and the likelihood of distinct
outcomes. Most decision makers choose a goal-directed approach
indicating that they would desire therapy if the interventions and
burdens were temporary and reversible (i.e., if they could return
to the present state without suffering too much).

Prior determination of acceptable postoperative LSMT is less
critical in pediatrics, because usually parents are available in the
postoperative period to make decisions regarding therapy. None-
theless, when a sufficiently mature child participates in discus-
sions about LSMT, anesthesiologists should ensure that the
discussion incorporates the child’s preferences for postoperative
trials of therapy. The willingness to undergo a trial of therapy
indicates a belief that the burdens of the trial (e.g., a few days of
ventilator support) may be worth the benefits (e.g., extubation of
the trachea) initially, but at some point the increasing burdens
may not be worth the decreasing likelihood of the benefits.

Barriers to Honoring Preferences for Resuscitation

Barriers to honoring limitations center on clinician attitudes,
time pressures, and inadequate knowledge about policy, law, and
ethics.”** In short, whereas patients prioritize functional status
in choosing to limit LSMT, clinicians tend to base their opinions
on diagnosis and life expectancy.

Anesthesiologists may falsely believe that law or hospital
policy requires full resuscitation during the perioperative period.
Physicians who act in accordance with statutory requirements are
often explicitly protected from liability when they honor a child’s
or family’s refusal of resuscitation.” Given the well-established
right of children and parents to refuse medical treatment and the
paucity of cases finding physicians liable for honoring limitations
on LSMT, the risk of liability for honoring an appropriately docu-
mented perioperative limitation on LSMT is not high and is
likely to be lower than the risk of not honoring the limitations.*



latrogenic problems such as cardiac arrest do not obviate
decisions to limit LSMT.*® To decision makers, the cause of the
arrest is irrelevant. Decision makers care about the factors they
considered in requesting limited resuscitation, including likeli-
hood of successful resuscitation and physical and mental status
after the arrest. The benefits of continued therapy after certain
types of iatrogenic arrests should be addressed as part of the
perioperative discussion.®

Inadvisable Care

Treatments with low likelihoods of success may be considered
inadvisable because of the burden to the child, cost, or uncertain
benefit. Discussions about inadvisable treatment should bear in
mind the goals of the treatment and the likelihood of achieving
a defined result. When offering the likelihood of a result, physi-
cians should be clear whether the information used to form the
estimation is based on intuition, clinical experience, or rigorous
scientific studies. Scoring systems that are useful for population
predictions in determining potentially inadvisable care should be
considered as contributory but not determinative for decision
making for individuals.

Decision making for a child near the end of life should be
based on the best interests of the child. A useful approach to
resolving conflicts has been proposed by the Commission for the
Study of Ethical Problems in Medicine and Biomedical and
Behavioral Research (Table 5-3).° In short, physicians may over-
ride parental preferences only if a therapy is clearly beneficial
(e.g., blood transfusion for anemia). When physicians override
parental preferences, the appropriateness of the treatment and
the process of decision making should undergo an external
review, which will often be medical, ethical, or legal in nature.

The improvement in long-term outcomes for the most preterm
babies makes it very hard to predict the likelihood of successful
treatment in very young children. The best information suggests
that for those infants at the threshold of viability (22 to 25 weeks),
survival increases with each week of gestation but the rate of
moderate or worse disability does not improve and remains at
30% to 50%."4

Policies to help resolve differences of opinion about applying
treatments with low likelihoods of success are important. Good
policies are procedure based, are public, reflect the moral values

TABLE 5-3 Suggested Grid for Resolving Disputes about
Appropriate Care

Parents Prefer to Parents Prefer to

Accept Treatment Forgo Treatment
Physicians consider Treat Provide
treatment clearly treatment during
beneficial review process
Physicians consider Treat Forgo
treatment to be of
ambiguous or
uncertain benefit
Physicians consider Provide treatment Forgo

treatment to be during review process

inadvisable

From President’s Commission for the Study of Ethical Problems in Medicine and
Biomedical and Behavioral Research. Deciding to forgo life-sustaining treatment:
ethical, medical and legal issues in treatment decisions. Washington, D.C.: U.S.
Government Printing Office; 1983.
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of the community, and include processes for identifying stake-
holders, initiating and conducting the policy, commencing
appellate mechanisms, and determining relevant information.*

IMPROVING COMMUNICATION IN PEDIATRIC

INTENSIVE CARE UNITS

Pediatric intensivists should emphasize interdisciplinary com-
munication, tailor the communication style to the parents, and
maximize meaningful parental participation in the child’s care.*’
The goal is to be an empathic professional who establishes com-
passionate relationships with the child and family by managing
emotional, informational, and care needs.*® In almost all conver-
sations, clinicians should explain the meaning of the conversa-
tion in terms of overall care.”’ Table 5-4 lists characteristics of
good communication in the intensive care unit.

PALLIATIVE CARE

Anesthesiologists, in their role as pain management specialists,
as intensive care unit doctors, or in the operating room, may
participate in pediatric palliative care.’** Palliative care empha-
sizes relationship-centered care and should be available to chil-
dren with a wide variety of diseases (Table 5-5).* Although
pediatric palliative care has struggled for recognition, in 2011
there are signs of improvement.’>

EUTHANASIA

Although euthanasia has been permitted in the Netherlands for
some time, only recently have there been reports of euthanasia
for children. Sixteen-year-olds may now request euthanasia, and
12- to 15-year-olds may request euthanasia with their parent’s
approval. On reflection, it is reasonable for teenagers to want to
minimize suffering and pain at the end of life. Similar to eutha-
nasia in the adult patient, the adolescent must have decision-
making capacity; must clearly, voluntarily, and repeatedly request
to die; must have an incurable condition associated with severe,
unrelenting, and intolerable suffering; and should not be making
the request due to inadequate comfort care.”*”” In the Nether-
lands, the deliberate ending of a neonate’s life is permitted under
certain circumstances depending on the neonate’s life expectancy
and intensive care dependency.”™*®

DONATION AFTER CARDIAC DEATH

In organ procurement after a declaration of death through
neurologic criteria (i.e., brain death), the child is declared dead
before being brought to the operating room. The organs are then
retrieved while body homeostasis is maintained through mechan-
ical ventilation, pharmacologic therapy, and other standard resus-
citative techniques.”

Concern about limited availability of organs for transplanta-
tion has resulted in the now widely accepted concept of donation
after cardiac death (DCD).***! In DCD, the child is not declared
dead before being brought to the operating room for organ
retrieval. Instead, after it is determined that therapy should be
withdrawn based on a standard benefits and burdens assessment,
the child is brought to the operating room and therapy is with-
drawn. If the child dies after life-sustaining therapy is withdrawn,
he or she is declared dead by cardiac criteria and the organs are
retrieved. Ethical issues regarding DCD protocols center on
whether the protocols seriously alter the dying process by shifting
decision making away from the best interests of the dying child
and by interfering with the family’s ability to be with their dying
child (Table 5-6).
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TABLE 5-4 Parents’ Desires for Communication in the Intensive Care Units

1. Honest and complete information should be tailored to the parents’ needs and information-receiving preferences. Comprehension of the child's
potential trajectories permits better participation in care and a greater chance of appropriate end-of-life care.

2. Ready access to staff should include periodic scheduled informal visits fo the bedside and the availability of e-mail interactions. The goal is to
provide the parents with easy and frequent opportunities to have their questions answered, with sufficient repetition and clarification of the “big
picture.”

3. To maximize successful communication, clinicians should actively assess the parents’ preferences for communication and decision making. This
includes considering how to relate information fo parents when clinicians have different management opinions. Parents frequently recognize that
there are differences between options, and some prefer to hear the range of options whereas others prefer to hear only the recommended option.

4. Emotional expression and support by staff are critical to parents. To do this successfully, clinicians should adapt their style fo parents’ preferences.
Most clinicians should adopt practices that give parents more room fo control the conversation, including talking less, listening more, and tolerating
silence as parents gather themselves to continue communicating.

5. Parents respond and benefit from the relational aspects of compassion, mercy, authenticity, and integrity.>> More colloquially, the relational aspect
is referred to as “being there,” interacting with the parents as a caring person with feelings and emotions.®® For example, although some clinicians
may believe it is inappropriate to show emotion, parents appreciate compassion and some level of distress at the sharing of bad news, rather than
cold hard professionalism.'

6. Preservation of the integrity of the parent—child relationship means enabling parents to continue in their self-identified and prominent role as
decision maker and profector. Loss of this role harms parents and may impair their ability to participate in decision making for the child.

7. Faith and spiritual matters are highly personal, and parents may feel uncomfortable expressing their faith in an institutional setting. Spiritual matters
should be accepted and integrated into the infensive care unit practice to assist those who benefit from spiritual support.

8. Parents’ lifelong views of these events are profoundly colored by vivid memories and strong feelings about seminal discussions. How difficult
discussions are handled and the quality of the communication among clinicians and families often become the bases for the family’s lifelong
narrative of these events.

Modified from Meyer EC, Ritholz MD, Burns JP, Truog RD. Improving the quality of end-of-life care in the pediatric intensive care unit: parents’ priorities and recommendations.
Pediatrics 2006;117:649-57.

TABLE 5-5 Palliative Care

WHO All children suffering from chronic, life-threatening, and terminal illnesses are eligible; this includes
. Diseases for which curative therapy may fail (e.g., malignancies with poor prognoses)
- Diseases that require long periods of hospitalization to prolong life (e.g., severe epidermolysis bullosa, immunodeficiencies)
« Progressive diseases for which treatment is palliative (e.g., severe osteogenesis imperfecta)
. Severe nonprogressive disabilities that place the child at risk for coexisting diseases
Do-not-resuscitate orders should not be required
Prognosis for short-term survival is not required

WHAT Child-focused, family-oriented, and relationship-centered care that focuses on relief of suffering and enhancing quality of life
Prioritization of participation of the child and family in decision making
Caring for the child as a unigue individual
Caring for the family as a functional unit
Care is not directed at shortening life
HOW An interdisciplinary team is always available to families to provide continuity
Facilitation and documentation of communication are critical tasks of the team
Highly skilled, expert care is provided
WHY Respite care and support are essential for families

WHERE & WHEN Care is coordinated across all sites of care delivery
Care is incorporated info mainstream medical care

Bereavement care should be provided as long as it is needed

From U.S. Department of Human Services: 45 CFR 46 Subpart D. Additional protfection for children involved as subjects in research. 2009.

Clinical and Academic Practice Issues

PEDIATRIC RESEARCH

The anesthesiologist Henry K. Beecher was one of the first to
propose different requirements for pediatric research as com-
pared to adult research.®” Pediatric research is closely examined
because children are incapable of consenting to experiments, and
because the developing child is at greater risk for long-term
harm.*” Federal guidelines give four categories of pediatric
research, with each ascending category requiring greater scrutiny
of the risk-to-benefit ratio, especially in research without

therapeutic benefit for the subject (Table 5-7).* Whereas obtain-
ing the assent of the child whenever possible is important for
therapeutic medical procedures, it is absolutely essential in the
context of research, along with the informed permission of the
parents.

Minimal Risk

Minimal risks are defined as those risks that are not greater in
and of themselves than those ordinarily encountered in daily life
or during the performance of routine physical or psychological
examinations. Most interpret this to mean the risks encountered
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TABLE 5-6 Ethical Issues Surrounding Donation after Cardiac Death (DCD)

Should interventions be permitted
prior to withdrawal of care?
Should withdrawal of therapy
occur in the intensive care unit
(ICU) or in the operating room?

The burdens from the interventions are not in the best interests of the child. On the other hand, the
burdens of the interventions are mostly theoretical and may improve the quality of the transplanted organs.
Withdrawing therapy in the operating room may increase the quality of the organs transplanted.
Withdrawing therapy in the ICU is likely to be less jarring fo the family and more consistent with the
premise of withdrawing therapy for the child's benefit. In addition, it may remove some of the

awkwardness that may occur if the child does not die within the defined interval.

Who should withdraw therapy?

To be consistent with the premises of withdrawal of therapy, it should be the same person who would

normally withdraw therapy from the child. Even if the decision is made to withdraw therapy in the
operating room, an anesthesiologist who has not been caring for the child should not be asked to
withdraw therapy because of the physical location of the event.

How long should cessation of
cardiac function exist for a child
fo be declared dead?

Proposed times may be based on the premises of how long it would take to autoresuscitate compared with
how long it would take fo be resuscitated through medical intervention.

What are the confents of a good « Acceptable interventions before withdrawing therapy

DCD policy? « Acceptable locations of withdrawing therapy
« Amount of time to wait until death before forgoing procurement
« Which individual should withdraw therapy
« What to do if the family will not leave after death is declared

TABLE 5-7 Federal Classification of Pediatric Research

1. Research not involving greater than minimal risk
a. IRB determines minimal risk
b. IRB finds and documents that adequate provisions are made for
soliciting assent from children and permission from their parents
or guardians

2. Research involving greater than minimal risk but presenting the
prospect of direct benefit to the individual subject
a. IRB justifies the risk by the anticipated benefit to the subjects
b. The relationship of the anticipated benefit to the risk is at least as
favorable as that presented by available alternative approaches
c. Adeqguate provisions are made for assent and permission

3. Research that involves greater than minimal risk and no prospect of
direct benefit to the individual subject but is likely to yield
generalizable knowledge about the subject’s disorder or condition
a. IRB defermines that the risk represents a minor increase over
minimal risk

b. The infervention or procedure presents experiences to subjects
that are reasonably commensurate with those inherent in their
actual or expected medical, dental, psychological, social, or
educational situations

. The intervention or procedure is likely fo yield generalizable
knowledge ... which is of vital importance for the understanding
or amelioration of the subject’s disorder or condition

d. Adeqguate provisions are made for assent and permission

4. Research not otherwise approvable, which presents an opportunity
to understand, prevent, or alleviate a serious problem affecting the
health or welfare of children

From U.S. Department of Human Services: 45 CFR 46 Subpart D. Additional protec-
tion for children involved as subjects in research. 2009.
IRB, Institutional review board.

in daily life by healthy children, such as running in the backyard,
playing sports, or riding in a car.**® A less favored relative inter-
pretation uses as a benchmark those risks encountered in the
daily lives of children who will be enrolled in the research. In
other words, if a child were living in a manner that exposed the
child to risk (e.g., undergoing repeated general anesthesia), then
it would be acceptable to expose the child up to that level of risk
in a study.

TABLE 5-8 Strategies Used by Drug Companies
to Influence Physicians

1. Teach sales people subtle verbal and nonverbal techniques to
influence physicians.

2. Instruct sales people to misdirect and to dissemble when
questioned about possible complications.

3. Cherry-pick which data are distributed to physicians.

4. Prohibit distribution of studies that may criticize the product. (One
strategy is to classify concerning studies as background studies and
then prohibit distribution of background studies.)

5. Seek “opinion leaders” to speak in favor of the product.

6. Continue the well-established gift-giving strategy o subconsciously
curry favor with the physician and to develop a positive association
about the product and the company.

Individuals are poor at estimating the risk levels of activities
and often correlate risk to familiarity, control of the activity,
and reversibility of the potential harms.® Institutional review
boards (IRB) may reject low-risk studies because they involve
unfamiliar matters while approving studies that have excessive
risks.

Minor Increase over Minimal Risk

The pediatric research category that involves “greater than
minimal risk and no prospect of direct benefit to the individual
subject but is likely to yield generalizable knowledge about the
subject’s disorder or condition ... which is of vital importance”
(see Table 5-8) is based on the idea that it is acceptable to expose
a child to a “minor increase over minimal risk” under certain
conditions.®® Parsing the regulation may help clarify this some-
what unhelpful definition. One suggestion has been that minor
increase means that the pain, discomfort, or stress must be tran-
sient, reversible, and not severe.** Condition of the subject should
be used to mean a set of characteristics “that an established body
of scientific or clinical evidence has shown to negatively affect
children’s health and well-being or to increase the risk of develop-
ing a health problem in the future.”®* Interpreting condition to
include “having the potential to have the condition” permits




72 A Practice of Anesthesia for Infants and Children

otherwise healthy children to participate in research for diseases
that they may develop (e.g., cellulitis). The term wital importance
implies that the evidence supporting the relevance of the study
should require a higher order of proof.

Socioeconomic Concerns and Distribution of Risk
Socioeconomically disadvantaged children living in urban areas
may be overrepresented in research studies because urban aca-
demic centers in disadvantaged areas perform the majority of
clinical research.”” Children living in socioeconomically disad-
vantaged areas are often more affected by diseases associated
with their environment, such as asthma or nutritional disorders
complicated by limited access to stocked grocery stores. One
could argue that this unequal burden of risk, primarily mani-
fested by greater participation of socioeconomically disadvan-
taged children in research studies, is reasonable because these
children are more likely to develop these diseases and therefore
are more likely to benefit from the research.®® Most reject that
view and believe that in some sense, socioeconomically advan-
taged patients gratuitously gain the benefits of the research
without sharing the risks. The disproportionate risk borne by
one segment of society compared with another likely breeches
the most accepted interpretation of the core ethical value of
justice.

Socioeconomically disadvantaged families may be more likely
to be influenced by the small gifts offered to research partici-
pants. Aside from compensating for costs (e.g., parking vouch-
ers), gifts should not of themselves encourage participation. The
problem is that gifts that represent a small expression of gratitude
for some families may provide an incentive for participation for
socioeconomically disadvantaged families.*’

IMPERATIVE FOR PHARMACOLOGIC RESEARCH

Through the mid-1990s, more than 70% of new molecular enti-
ties were without pediatric drug labeling. Inadequate information
exposed children to age-specific adverse reactions, ineffective
treatment due to inappropriate dosing, and lack of access to new
drugs because physicians tended to prescribe less effective, known
medications. Inadequate research into pediatric drugs forced phy-
sicians to prescribe drugs in nonstandard ways, such as sprinkled
or crushed tablets. Even when there is some pediatric labeling,
there is scant labeling for children younger than 2 years of age.
In 2009, a survey of a Canadian pediatric tertiary hospitals found
that even when comparing off-label use to contemporary pediat-
ric references (an unofficial and very liberal interpretation), 16%
of drug administrations during the perioperative period were
considered off-label. Based on a more traditional standard of the
Canadian Compendium of Pharmacentical Specialties, 55% of drugs
administered were used off-label.”

The following selective history highlights the overall intent to
ensure (1) that children get the same benefits of pharmacologic
advances as adults and (2) that research is performed in the
youngest children. Readers should also learn from this history
that persistent advocacy is often required before regulatory
change can be successfully obtained. In 1962, the Kefauver-Harris
Amendments (passed after the thalidomide disaster) required that
drug companies demonstrate safety and efficacy before marketing
a drug. Because the vast majority of drugs did not undergo
pediatric-specific investigation, this requirement actually led to
less pediatric labeling, with the package insert (drug label) often
reading, “Safety and efficacy have not been demonstrated for
children <12 years,” because of the expense of getting this

information (see also Chapter 6). In 1994, the U.S. Food and
Drug Administration (FDA) began requiring sponsors to explain
why pediatric labeling cannot occur but did not require sponsors
to perform pediatric studies.

The 1997 FDA Modernization Act and the 1998 Final Rule
were legislative initiatives designed to gain more data from drug
companies through pediatric studies in exchange for the benefit
of an additional 6 months of patent exclusivity. This effort was
further codified with the passage of the Best Pharmaceutical Act
for Children in 2002. With these requirements, the FDA man-
dated pediatric studies if a new drug might be used in a substan-
tial number of children, if it might provide a meaningful
therapeutic benefit, or if inadequate labeling could pose signifi-
cant risks. The pharmaceutical industry responded with an explo-
sion of pediatric studies. However, the exclusivity provision did
not encourage study of generic drugs or drugs with insufficient
sales. Further, once exclusivity was credited for older pediatric
age groups, there was no incentive to conduct studies in younger
groups.

In December 2003, the Pediatric Research Equity Act required
pediatric studies for all drugs and biologic products that have a
new indication, new dosage form, new route, new dosing regimen,
or new active ingredient. Studies could be waived if they were
impracticable, if the therapy would be ineffective or unsafe in
pediatric patients, or if there would be no meaningful therapeutic
benefit over existing therapies and the moiety would not used in
a substantial number of children.

Other nations have adopted similar regulatory requirements
and incentives to encourage drug research. The European Union
offers scientific help for performance of studies and requires that
drug applications contain pediatric information that covers “all
paediatric age groups and all necessary age-appropriate formula-
tions,” unless an exception is granted.”’ Performing pediatric
testing earns patent extensions even if the drug is not approved
for pediatric use.

MANAGING POTENTIAL CONFLICTS OF INTEREST

A conflict of interest is “a set of conditions in which professional
judgment concerning a primary interest (such as a patient’s
welfare or the validity of research) tends to be unduly influenced
by a secondary interest.”” Because these conditions in an indi-
vidual are internal, they are best characterized by describing situ-
ations that may create the potential for conflicts of interest.
Focusing on potential conflicts of interest moves the concept
away from attacking an individual’s morals and toward more
uniform definitions. Conflicts of interest may be induced by
financial, personal, and professional benefits such as prestige,
promotion, and personal gratification.” Anesthesiologists should
be mindful of these potential conflicts, and attempt to identify
them to better understand the likelihood of compromised
judgment.

Conducting Research

Perhaps the most powerful conflict in conducting research is the
loss of equipoise that can come from originating and developing
an idea. Other sources of conflict related to research center on
academic promotion and reputation. Physician disclosures do
not help identify conflicts of interest. In one study, only 80% of
physicians disclosed payments related to the research, and only
50% disclosed payments from the same company but unrelated
to the product being discussed. Indirect payments were just as
likely to influence behavior as direct payment.”



In 2009, an anesthesiologist was accused of falsifying data
that had encouraged multimodal pain therapy. A routine audit
had found the irregularities that initiated the subsequent evalu-
ation (supporting the benefits of oversight). Major journals
retracted articles. Steven Shafer, editor of Anesthesia and Anal-
gesia, was quoted as saying, “We are left with a large hole in
our understanding of this [multimodal pain therapy].”” Shafer
called the scandal “a tragedy” for the profession, for patients,
and for the anesthesiologist involved personally. Given that the
anesthesiologist’s studies were “robust” and influential, “the big
chunk of what people have based their [multimodal] protocol
on is gone.””” It is important to emphasize that the anesthe-
sologist’s coauthors were deceived by him and were not com-
plicit. If fact, they assisted in assessing the legitimacy of articles
that were not retracted.”

Conflicts of interest also come from industry support of
research. To be clear, the academic—anesthesia-industry research
complex is necessary to continue the rapid advancement of
science. Rigorous oversight minimizes these abuses. Researchers
need to be involved in trial development, must have access to
raw data, and must be able to publish without the company’s
authorization. Cozy relationships between powerful members of
the local academic community and industry should be examined
and brought to light to minimize influence and potential con-
flicts of interest.

Interaction with Industry

Anesthesiologists need to be suspicious of industry attempts to
“selflessly” educate clinicians.” Physicians should independently
evaluate information supplied by industry. Industry representa-
tives and materials routinely overrepresent the benefits and
underrepresent the risks of drugs (Table 5-8).””” Wisely, there has
been a strong movement in academic centers to stiffen rules
about physician exposure to industry representatives.*

Risks associated with industry misrepresentation will increase
as increasing physician workload decreases time for study. For
these reasons, it is instructive to look more closely at this problem.
Evidence published in the 2000 VIGOR study indicated that the
popular antiinflammatory drug rofecoxib (Vioxx) dramatically
increased the rate of myocardial infarction in patients. In 2001,
the FDA determined that physicians should be made aware of
the cardiovascular effects of rofecoxib, and in 2004 it was with-
drawn from the market. Congressman Henry Waxman later wrote
the following®':

Merck, the manufacturer of Vioxx, ... has an excellent reputation
within the drug industry and supports many products, such as vac-
cines, that are medically essential but not very profitable.... Yet as we
learned, even a company like Merck can direct its sales force to provide
clinicians with a distorted picture of the relevant scientific evidence.....

On February 7, 2001, the Arthritis Drugs Advisory Committee of
the Food and Drug Administration (FDA) ... voted unanimously
that physicians should be made aware of VIGOR’s cardiovascular
results.

The next day, Merck sent a bulletin to its rofecoxib sales force
[which] ordered, “DO NOT INITIATE DISCUSSIONS ON THE
FDA ARTHRITIS ADVISORY COMMITTEE OR THE
RESULTS OF THE ... VIGOR STUDY.” It advised that if a physi-
cian inquired about VIGOR, the sales representative should indicate
that the study showed a gastrointestinal benefit and then say, “I
cannot discuss the study with you.”

Merck further instructed representatives to show those doctors
who asked whether rofecoxib caused myocardial infarction a
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pamphlet called “The Cardiovascular Card.” This pamphlet, pre-
pared by Merck’s marketing department, indicated that rofecoxib was
associated with 1/8 the mortality from cardiovascular causes of that
found with other antiinflammatory drugs.

The Cardiovascular Card ... did not include any data from the
VIGOR study. Instead, it presented a pooled analysis of preapproval
studies, in most of which low doses of rofecoxib were used for a short
period of time. None of these studies were designed to assess cardio-
vascular safety.... In fact, FDA experts had publicly expressed
“serious concerns” ... about using preapproval studies as evidence of
the drug’s cardiovascular safety....

[B]ut it would be a mistake to restrict the lessons learned to a
single company. The testimony we heard indicated that Merck’s
marketing practices may be less aggressive and more ethical than
many of its competitors. It should be noted that Merck eventually
paid $950 million USD to settle criminal charges and civil claims
related to unlawful marketing of Vioxx and misleading statements
about its safety.

Production Pressure

Anesthesiologists are prone to production pressure, which has
been defined as “the internal or external pressure on the anes-
thetist to keep the operating room schedule moving along
speedily.”®>* Almost half of surveyed anesthesiologists reported
seeing what they considered unsafe anesthetic practices in
response to this production pressure.** As a consequence, anes-
thesiologists may not want to take the time to allow a child
to ask questions about the anesthetic, to adequately premedicate
an anxious child, or to engage the parents in a lengthy discus-
sion about postponing the surgery because the child has a mild
upper respiratory infection. Anesthesiologists should also be
cognizant of their level of skill in providing anesthesia. For
example, the “routine” tonsillectomy may be beyond some
anesthesiologists’ ability in a child with multiple congenital
deficits. Anesthesiologists have an obligation to the patient and
themselves to only provide care that is within their skills and
to recognize when economic and administrative pressures may
induce them to do otherwise.

THE FETUS

The positions of the AAP and the American College of Obstetri-
cians and Gynecologists (ACOG) are helpful in considering care
of the fetus (Table 5-9).%* The statements indicate subtle differ-
ences when the interests of the mother and fetus diverge, such
as when the mother wishes to refuse a treatment that would likely
be beneficial for the fetus. Broadly, the AAP advocates more for
the fetus, particularly when the intervention poses a small risk to
the mother and can effectively treat a problem for the fetus that
would otherwise cause irreversible harm. ACOG is more con-
cerned about complex issues of overriding maternal autonomy,
such as the criminalization of not complying with medical
recommendations.

PHYSICIAN OBLIGATIONS, ADVOCACY,

AND GOOD CITIZENSHIP

An implicit social contract obligates physicians to serve society
beyond directly caring for patients. Society supports medical
students, physicians in training, and physicians through provid-
ing opportunities to train, to perform research, and, perhaps most
importantly, to learn from and with patients.*® In return, society
expects pediatric anesthesiologists to “manage all things pediatric
anesthesia” (Table 5-10).***! Individual anesthesiologists are not
expected to fulfill every obligation. “Units” of anesthesiologists,
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TABLE 5-9 Positions of the AAP and the ACOG Regarding Ethical Considerations and Maternal Choices in Fetal Therapy

American Academy of Pediatrics (AAP)

American College of Obstetricians and Gynecologists (ACOG)

Priority
Respect for principle of maternal autonomy
Fetal concerns may trump maternal autonomy

Type of Medical Treatment Worthy of Judicial or Physical Intervention
If the intervention has been demonstrated to be
effective

If nonintervention will lead to significant and
irreversible harm

If there is minimal maternal risk from the intervention

Use of Physical Intervention

Physical intervention may be acceptable if judicial
authorization has been obtained

Psychosocial Aspects

Psychosocial aspects of overriding a woman's
autonomy are not addressed

Respect for principle of maternal autonomy
Fetal concerns may not frump maternal autonomy

If there is a high probability of serious harm fo the fetus without intervention

If there is a high probability of significant benefit to the fetus from the intervention
If there is a relatively small risk to the pregnant woman from the intervention

If no comparably effective, less invasive options are available

Intervention only under extraordinary circumstances of conflict

Physical infervention is never acceptable

Significant concern about overriding maternal autonomy, including
- criminalization of noncompliance with medical recommendations

« loss of trust in the health care system
« social costs of compromising liberty

Conflict Resolution

Does not ask physicians fo consider subordinating
their view

Does not suggest it is reasonable to transfer the
patient’s care

Physicians should make reasonable attempts to explain recommended treatments and to
persuade the woman to comply

Physicians should subordinate their values if necessary, because it is the woman's decision
Suggests it may be reasonable to transfer care

Data from Brown SD, Truog RD, Johnson JA, Ecker JL. Do differences in the American Academy of Pediatrics and the American College of Obstetricians and Gynecologists
positions on the ethics of maternal-fetal interventions reflect subtly divergent professional sensitivities to pregnant women and fetuses? Pediatrics 2006;117:1382-7; American
Academy of Pediatrics, Committee on Bioethics. Fetal therapy: ethical considerations. Pediatrics 1999;103:1061-3; American College of Obstetricians and Gynecologists. Committee
Opinion 321: Matfernal decision making, ethics, and the law. Obstet Gynecol 2005;106:1127-37.

such as private practice groups, academic departments, and state
societies, should fulfill these obligations collectively.

Participating in Patient Safety Efforts

Medical errors come from human mistakes and system flaws.”
Anesthesiologists have an obligation to work to reduce system
flaws, including participating in quality improvement activities
and data collection, following policies meant to improve care in
high-risk situations (e.g., nosocomial infections), and actively
engaging in policies designed to reduce medical errors, such as
universal standards of patient identification.”

Although physicians may not see the big picture and therefore
resent doing “extra” steps, it is vital for physicians to accept on
faith that participation is good patient care.” Surreptitiously cir-
cumventing policies may harm patients, does not permit remedi-
ation of the policy, and weakens the fidelity of the entire system,
encouraging others to “make their own rules.”” When anesthesi-
ologists believe that policies are harmful or unnecessary, they are
obligated to raise these questions through appropriate channels.

Treating Suffering

Cassel described suffering as an intensely personal feeling that
can be defined as “the state of severe distress associated with
events that threaten the intactness of the person.””® Suffering
should be considered when managing pain, and adequate steps
should be taken to find and alleviate sources of suffering. Factors
that contribute to a child’s suffering include not knowing the
origin or meaning of the pain, believing that pain is a punish-
ment, and fearing that the pain will never be relieved.”

Anesthesiologists minimize suffering by clearly communicating
about these issues with parents and children and affording chil-
dren as much control of their care as possible.

Suspicion of Child Abuse

Child abuse includes acts of physical abuse, sexual abuse, emo-
tional abuse, and neglect. Anesthesiologists should be particu-
larly sensitive to bruises or burns in the shape of objects, injuries
to soft tissue areas such as the upper arms, unexplained mouth
and dental injuries, fractures in infants, height and weight less
than the 5th percentile, and injures that are not explained by the
history (see also Chapter 38).””® Children who have physical or
mental handicaps are particularly prone to abuse.” Anesthesiolo-
gists, like all physicians, are legally required to report the suspi-
cion of child abuse or neglect to appropriate authorities. Indeed,
in most jurisdictions, a physician can be criminally prosecuted if
found liable for failing to report suspected child abuse.

THE ETHICS CONSULTATION SERVICE
The ethical dilemmas that occur in the practice of anesthesiology
may be difficult for the practitioner to resolve alone. Ethics com-
mittees and their consulting services act in an advisory role to
help clinicians, patients, and families amicably resolve ethical
dilemmas. Anesthesiologists may find ethics consultation helpful
with questions about informed consent, decision-making capac-
ity, and resuscitation decisions and in resolving disagreements
among patients, families, and clinicians.

Although most ethics consultation services use a small group
(typically three people) to perform consultations, some use the



TABLE 5-10 Examples of Obligations of Anesthesiologists
to Participate and Advocate

Obligations of Pediatric Anesthesiologists

Treat every child with the grace and consideration you would want for
your child and family

Tailor the perioperative experience to the individual

Respond to problems that may harm children (e.g., impaired
colleagues)

Practice mindfulness and critical self-reflection

Actively engage in continuing medical education

Support advancement of the science

Participate in quality improvement initiatives such as Wake Up Safe

Participate in professional organizations such as the Society for
Pediatric Anesthesia and the American Academy of Pediatrics Section
on Anesthesiology and Pain Medicine

Prepare future generations through teaching, mentoring, creating
opportunities, and developing systems to enable anesthesiologists to
fulfill these obligations

Community Advocacy and Participation
Raise public awareness about a health or social issue
Participating in public advocacy and lobbying
Encourage a medical society fo act on an issue that concerns the
public health
Serve in a local organization, political inferest group, or political
organizatfion
Topics of particular relevance to pediatric anesthesiologists:

« Pediatric obesity

« Pediatric sedation in hospitals

- Child abuse

« Health care access

« Role of subspecialty training in improving care for children

entire committee and some use a single individual.'” Physicians,
nurses, social workers, chaplains, administrators, and lay people
serve on ethics committees and perform consultations. Common
characteristics of ethics consultation services are that they permit
anyone to request an ethics consultation; that they require noti-
fication (not permission) of the patient, parents, and attending
physician prior to the consultation; and that choosing to follow
the recommendations is wholly voluntary.

Following consultations, clinicians feel greater satisfaction in
managing cases with ethical conflicts, not only because of their
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heightened awareness of the expert consulting services available
but also because of their increased knowledge and comfort in
dealing with these issues. Ethics committees are also available to
consult on policy development and to organize continuing edu-
cational programs.

ANNOTATED REFERENCES

Cassel EJ. The nature of suffering and the goals of medicine. N Engl J
Med 1982;306:639-46.

Physicians relieve suffering. Cassel’s 30-year-old treatise is the unparralled expla-
nation of suffering.

Committee on Bioethics, American Academy of Pediatrics. Informed
consent, parental permission, and assent in pediatric practice. Pediat-
rics 1995;95:314-17.

This article is the basis of informed consent for children. Pay particular attention
to the introduction, in which Dr. William Bartholome (in abstentia) exhorts
clinicians to respect “the experience, perspective and power of children.”

Consensus statement of the Society of Critical Care Medicine’s Ethics
Committee regarding futile and other possibly inadvisable treat-
ments. Crit Care Med 1997;25:887-91.

This article explicates the importance of recognizing the ethical and clinical differ-
ences between advisable and inadvisable treatments.

Fallat ME, Deshpande JK. Do-not-resuscitate orders for pediatric
patients who require anesthesia and surgery. Pediatrics 2004;114:
1686-92.

This article is a complete explanation of perioperative do-not-resuscitate orders for
children.

Gruen RL, Pearson SD, Brennan TA. Physician-citizens: public roles and
professional obligations. JAMA 2004;291:94-8.

Gruen et al. provide a thoughtful perspective on the public and professional obliga-
tions of physicians. They provide a path on how to fulfill these obligations.

Kon AA. Answering the question: “Doctor, if this were your child, what
would you do?” Pediatrics 2006;118:393-7.

Kon helps anesthesiologists understand this deceptively simple question.

Shafer SL. Tattered threads. Anesth Analg 2009;108:1361-3.

Shafer elegantly articulates the harms of false data.

Waxman HA. The lessons of Vioxx: drug safety and sales. N Engl ] Med
2005;352:2576-8.

Waxman’s recounting of public testimony eviscerates the reassuring murmerings
of industry.
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THE PHARMACOKINETICS AND PHARMACODYNAMICS of most medications,
when used in children, especially neonates, differ from those
in adults.""! Children exhibit different pharmacokinetics (PK)
and pharmacodynamics (PD) from adults because of their
immature renal and hepatic function, different body composi-
tion, altered protein binding, distinct disease spectrum, diverse
behavior, and dissimilar receptor patterns.*'** PK differences
necessitate modification of the dose and the interval between
doses to achieve the desired clinical response and to avoid
toxicity.””** In addition, some medications may displace bili-
rubin from its protein binding sites and possibly predispose
an infant to kernicterus.”? The capacity of the end organ,
such as the heart or bronchial smooth muscle, to respond to
medications may also differ in children compared with adults
(PD effects). In this chapter we discuss basic pharmacologic
principles as they relate to drugs commonly used by
anesthesiologists.

Pharmacokinetic Principles
and Calculations

Changes in drug concentrations within the body over time are
referred to as pharmacokinetics. The principles and equations that
describe these changes can be used to adjust drug doses rationally
to achieve more effective drug concentrations at the site of
action.””* The equations in this section are intended for general
and practical use, whereas the more rigorous mathematical intri-
cacies of PK are covered elsewhere.””’

Within the body, a drug may diffuse between several body
fluids and tissues at different rates, yet the consistent change
in its circulating concentration may be used to characterize its
kinetics and to guide dosages. The rate of removal of drug

from the circulation is usually described using either first-order
or zero-order exponential equations. The difference between
these two types of rates has important implications for drug
treatment.

FIRST-ORDER KINETICS

Most drugs are cleared from the body with first-order exponential
rates in which a constant fraction or constant proportion of drug
is removed per unit of time. Because the proportion of drug
cleared remains constant, the higher the concentration, the
greater the amount of drug removed from the body. Such rates
can be described by exponential equations that fit the following
form:

C=Cpe™ (Eq. 1)

where C is the concentration at time t, C, is the starting concen-
tration (a constant determined by the dose and distribution
volume), and % is the elimination rate constant with units of
time™". First-order indicates that the exponent is raised to the first
power (=t in Equation 1). Second-order equations are those that
are raised to the second power, such as e®?. First-order exponen-
tial equations, such as Equation 1, may be converted to the form
of the equation of a straight line (y = mx + b) by taking the
natural logarithm of both sides, after which they may be solved
by linear regression.

InC=1InC, + (—kt) (Eq. 2)

If In C (i.e., natural logarithm of C) is graphed versus time,
the slope is —k, and the intercept is In C,. If log C (i.e., common
logarithm of C) is graphed versus time, the slope is —£/2.303,
because In x equals 2.303 log x. When graphed on linear-linear
axes, exponential rates are curvilinear and on semilogarithmic
axes, they produce a straight line.



HALF-LIFE
Half-life, the time for a drug concentration to decrease by one
half, is a familiar exponential term used to describe the kinetics
of many drugs. Half-life is a first-order kinetic process, because the same
proportion or fraction of the drug is removed during equal periods of time.
As described earlier, the greater the starting concentration, the
greater the amount of drug removed during each half-life.
Half-life can be determined by several methods. If concentra-
tion is converted to the natural logarithm of concentration and
graphed versus time, as described in Equation 2, the slope of this
graph is the elimination rate constant, k. For both accuracy and
precision, at least three concentration-time points should be used
to determine the slope, and they should be obtained over an
interval during which the concentration decreases at least in half.
In clinical practice, for infants and small children, however, % is
often estimated from just two concentrations obtained during the
terminal elimination phase. With multiple data points, the slope
of In C versus time may be calculated easily by least squares linear
regression analysis. Half-life (7},,) may be calculated from the
elimination rate constant, % (time™), as follows:

Natural Logarithm (2) _ 0.693
k ok

Graphic techniques may be used to determine half-life from
a series of timed measurements of drug concentration. The
concentration-time points should be graphed on semilogarithmic
axes and used to determine the best fitting line either visually or
by linear regression analysis. This approach is illustrated in
Figure 6-1, in which the best-fitting line has been drawn to the
concentration-points and crosses a concentration of 20 pg/mL at
100 minutes and a concentration of 10 pg/mL at 200 minutes.
The concentration has decreased by one half in 100 minutes, so
the half-life is 100 minutes. The elimination rate constant is
(0.693/100) min™" or 0.00693 min™".

Elimination half-life is of no value in characterizing disposi-
tion of many intravenous (IV) anesthetic drugs during dosing
periods relevant to anesthesia. A more useful concept is that of
the context-sensitive half-time (CSHT) where “context” refers to
the duration of the infusion. This is the time required for the
plasma drug concentration to decrease by 50% after terminating
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FIGURE 6-1 Graphic defermination of half-life. Half-life can be determined
from a series of concentration time-points on a semilogarithmic graph, if
the kinetics are first-order exponential. The concentrations are plotted on
semilogarithmic axes; the bestfit line is drawn to the points; convenient
concentrations are chosen that decrease in half, such as 20 pg/mL and
10 ng/mlL, as illustrated; and the inferval between those concentrations is
the half-life, which is 100 minutes in the illustration.
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the infusion.” The CSHT is the same as the elimination half-life
for a one-compartment model and does not change with the
duration of the infusion. However, most drugs in anesthesia
conform to multiple compartment models and the CSHTs are
markedly different from their respective elimination half-lives.

CSHT may be independent of the duration of the infusion
(e.g., remifentanil, 2.5 minutes); moderately affected (propofol,
12 minutes at 1 hour, 38 minutes at 8 hours); or display marked
prolongation (e.g., fentanyl, 1 hour at 24 minutes, 8 hours at 280
minutes). This is a result of return of drug to plasma from periph-
eral compartments after stopping the infusion. Peripheral com-
partment sizes and clearances differ in children from adults and
at termination of the infusion such that more or less drug remains
in the body in children for any given plasma concentration
compared with adults. The CSHT for propofol in children, for
example, is greater than that in adults.”” The CSHT gives insight
into the PK of a drug, but the parameter may not be clinically
relevant; the percentage decrease in concentration required for
recovery from the drug effect is not necessarily 50%.

FIRST-ORDER SINGLE-COMPARTMENT KINETICS

The number of exponential equations required to describe the
change in concentration determines the number of compart-
ments. Although a drug may diffuse among several tissues and
body fluids, its clearance often fits first-order, single-compartment
kinetics if it quickly distributes homogeneously within the circu-
lation and is removed rapidly from the circulation through
metabolism or excretion. This may be judged visually, if a semi-
logarithmic graph of the change in drug concentration fits a
single straight line. Kinetics may appear to be single-compartment,
when they are really multiple compartments, if drug concentra-
tions are not measured soon enough after IV administration to
detect the initial distribution phase (o phase).

FIRST-ORDER MULTIPLE-COMPARTMENT KINETICS

If drug concentrations are measured several times within the first
15 to 30 minutes after [V administration as well as during a more
prolonged period, more than one rate of clearance is often
present. This can be observed as a marked change in slope of a
semilogarithmic graph of concentration versus time (Fig. 6-2).
The number and nature of the compartments required to describe
the clearance of a drug do not necessarily represent specific body
fluids or tissues. When two first-order exponential equations are
required to describe the clearance of drug from the circulation,
the kinetics are described as first-order, two-compartment (e.g.,
central and peripheral compartments) that fit the following equa-
tion (Fig. 6-2)*":

C=Ae® +BeH (Eq. 4)

where concentration is C, t is time after the dose, A is the con-
centration at time 0 for the distribution rate represented by the
purple line graph with the steepest slope, o is the rate constant
for distribution, B is the concentration at time 0 for the terminal
elimination rate, and [ is the rate constant for terminal elimina-
tion. Rate constants indicate the rates of change in concentration
and each corresponds to the slope of the respective line divided
by 2.303 for logarithm concentration versus time.

Such two-compartment or biphasic kinetics are frequently
observed after IV administration of drugs that rapidly distribute
out of the central compartment of the circulation to a peripheral
compartment.’ In such situations, the initial rapid decrease in
concentration is referred to as the o or distribution phase and
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FIGURE 6-2 Two compartment kinetics in a semilogarithmic graph.
The initial rapid decrease in serum concentration reflects distribution and
elimination followed by a slower decrease because of elimination. A is the
concentration at time O for the distribution rate. Subtraction of the initial
decrease in concentration resulting from elimination, using the
concentrations from the elimination line extrapolated back to time O at
B, produces the lower line with a steep slope = a(distribution rate
constant)/2.303. The terminal elimination phase has a slope =
B(elimination rate constant)/2.303.

represents distribution to the peripheral (tissue) compartments in
addition to drug elimination. The terminal (B) phase begins after
the inflection point in the line when elimination starts to account
for most of the change in drug concentration. To determine the
initial change in concentration as a result of distribution (Fig.
6-2), the change in concentration that results from elimination
must be subtracted from the total change in concentration. The
slope of the line representing the difference between these two
rates is the rate constant for distribution.

These parameters (A, B, o, B) have little connection with
underlying physiology and an alternative parameterization is to
use a central volume and three rate constants (ky, ki, ky;) that
describe drug distribution between compartments. Another
common method is to use two volumes (central, V1; peripheral,
V2) and two clearances (CL, Q). Q is the intercompartment
clearance and the volume of distribution at steady state (Vdss) is
the sum of V1 and V2. A more detailed mathematical discussion
may be found elsewhere.*"*

Although many drugs demonstrate multiple-compartment
kinetics, traditional studies of kinetics in neonates did not include
enough samples immediately after dosing to determine more
than one compartment. For clinical estimates of dose and dosing
intervals, it is often not necessary to use multiple-compartment
kinetics. To minimize cost, limit blood loss, and simplify PK
calculations, dose adjustments are often based on only two
plasma concentrations (peak and trough), and linear, single-
compartment kinetics (such as that of gentamicin and vancomy-
cin) is assumed. Because the elimination rate constant should be
determined from the terminal elimination phase, it is important
that peak concentrations of multiple-compartment drugs not be
drawn prematurely, that is, during the initial distribution phase.
If drawn too eatly, the concentrations will be greater than those
during the terminal elimination phase (Fig. 6-2), which will
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FIGURE 6-3 Transition from exponential to saturation kinetics. During
every-6-hour dosing, concentrations during the first 24 hours reflect
exponential kinetics with a half-life of 3 hours (k = 0.231/hr) followed by a
change to saturation kinetics at 24 hours with elimination of 1 mg/hr,
leading to drug accumulation fo toxic concentrations.

overestimate the slope and the terminal elimination rate con-
stant. Population modeling has improved analysis and interpreta-
tion of such data."*

ZERO-ORDER KINETICS

The elimination of some drugs occurs with loss of a constant
amount per time, rather than a constant fraction per time. Such rates
are termed zero-order, and because e” = 1, the change in the
amount of drug in the body fits the following equation®:

—dA/dt =k, (Eq. 5)

where dA is the change in the amount of drug in the body (in
milligrams), dt is the change in time, and % is the elimination
rate constant with units of amount per unit time. After solving
this equation, it has the following form:

A=Ayt (Eq. 6)

where A, is the initial amount of drug in the body and A is the
amount of drug in the body (in milligrams) at time t.

Zero-order (also known as Michaelis-Menten) kinetics may be
designated saturation kinetics, because such processes occur
when excess amounts of drug saturate the capacity of metabolic
enzymes or transport systems. In this situation, only a constant
amount of drug is metabolized or transported per unit of time.
If kinetics are zero order, a graph of serum concentration versus
time is linear on linear-linear axes and is curved when graphed
on linear-logarithmic (i.e., semilogarithmic) axes. Clinically, first-
order elimination may become zero order after administration of
excessive doses or prolonged infusions or during dysfunction of
the organ of elimination. Certain drugs administered to neonates
exhibit zero-order kinetics at therapeutic doses and may accumu-
late to excessive concentrations, including thiopental, theophyl-
line, caffeine, diazepam, furosemide, and phenytoin.” Some
drugs (e.g., phenytoin, ethyl alcohol) may exhibit mixed-order
kinetics (i.e., first order at low concentrations and zero order after
enzymes are saturated at higher concentrations). For these drugs,
a small increment in dose may cause disproportionately large
increments in serum concentrations (Fig. 6-3).



APPARENT VOLUME OF DISTRIBUTION

The apparent volume of distribution (Vd) is a mathematical term
that relates the dose to the circulating concentration observed
immediately after administration. It might be viewed as the
volume of dilution that can be used to predict the change in
concentration after a dose is diluted within the body (i.e., a
scaling factor). Vd does not necessarily correspond to a physio-
logic body fluid or tissue volume, hence the designation “appar-
ent.” For drugs that distribute out of the circulation or bind to
tissues, such as digoxin, Vd may reach 10 L/kg, a physical impos-
sibility for a fluid compartment in the body. This illustrates the
mathematical nature of Vd. The units used to express concentra-
tion are amount per unit volume, and it may help to remind the
reader of the following equation that expresses the relation
between dose in amount per kilogram and the Vd in volume per
kilogram that dilutes the dose to produce the concentration:

Concentration (mg/L) = %nyi/lf')
&

(Eq. 7)

If concentration is expressed with the unconventional units
of milligrams per liter rather than micrograms per milliliter
(which is equivalent), it is easier to balance the equation. This
equation serves as the basis for most of the PK calculations
because it is easily rearranged to solve for Vd and dose. It is also
important to note that this equation represents the change in
concentration after a rapidly administered IV dose of a drug
whose elimination is great compared with its time for distribu-
tion. After a mini-infusion (e.g., of vancomycin or gentamicin),
a more complex exponential equation may be required to account
for drug elimination during the time of infusion.*” For neonates
in whom drug elimination is relatively slow, only a small fraction
of drug is eliminated during the time of infusion, and such adjust-
ments can be omitted, whereas more complex equations may be
needed in older children.

Knowledge of the apparent Vd is essential for dosage adjust-
ments. Vd may be calculated by rearranging Equation 7.

Dose (mg/kg)
C (postdose) — C (predose) (mg/L)

Vd (L/kg) = (Eq. 8)

The concentration after a drug infusion, C (postdose), must
be measured after the distribution phase to avoid overestimating
the peak concentration that would, in turn, lead to an errone-
ously low Vd. For the first dose, the predose concentration is 0.

Pharmacokinetic Example
The following example illustrates the application of these PK
principles using a four-step approach: (1) calculate Vd; (2) calcu-
late half-life; (3) calculate a new dose and dosing interval based
on a desired peak and trough; and (4) check the peak and trough
of the new dosage regimen.

For example, vancomycin was administered in a dose of
15 mg/kg IV over 60 minutes every 12 hours. The following
plasma concentrations were measured on the third day of treat-
ment (presumed steady-state). The predose or trough concentra-
tion was 12 mg/L; the peak concentration, measured 60 minutes
after the end of the infusion, was 32 mg/L.

15 mg/kg
32 mg/L —12 mg/L
_ 15 mg/kg
" 20 mg/L
=0.75L/kg

Vd (L/kg) =
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Step 1: Substituting the data into Equation 8, we calculate Vd.

Step 2: At steady-state, peak and trough concentrations reach
the same levels after each dose. The time between the peak and
trough concentrations is 10 hours, that is, 12 hours minus 1 hour
infusion minus 1 hour to peak concentration. Half-life may be
solved by rearranging Equation 2 to solve for % (elimination rate
constant) and substituting the calculated % into Equation 3. In
this case, the calculated elimination rate constant is 0.098 hour™
and the corresponding half-life is 7.1 hours. However, a practical
and clinically applicable “bedside” approach may be used without
need for logarithmic calculations. For example, the plasma con-
centration decreased from 32 to 16 mg/L in one half-life and
then from 16 to 12 mg/L in a fraction of the second half-life. At
the end of the second half-ife, the concentration would have
decreased to 8 mg/L. Because 12 mg/L is the midpoint between
the first and second half-lives, 1.5 half-lives have elapsed during
the 10 hours between the peak and trough. Thus, if one assumes
a linear decline, the half-life may be estimated as 6.67 hours (10
hours + 1.5 half-lives). Note that the error between the actual
half-life of 7.1 hours and the estimated half-life (6.67 hours) is a
result of the linear assumptions of this calculation between half-
lives. In fact, first-order elimination is a nonlinear process and
concentration will actually decline from 32 mg/L to 22.6 mg/L
during the first 50% of the first half-life rather than from 32 mg/L
to 24 mg/L using this linear approach. The same occurs during
subsequent half-lives. However, the small error associated with
this method is often acceptable for rapid bedside estimates of PK
parameters.

Step 3: A new dosage regimen must be calculated if the con-
centrations are unsatisfactory. Accordingly, one must decide on
a desired peak and trough concentration. If, for example, the
desired vancomycin peak and trough concentrations were
32 mg/L (20 to 40 mg/L) and 8 mg/L (5 to 10 mg/L), respec-
tively, then Equation 8 may be rearranged to solve for the new
dose.

Dose (mg/kg) = Vd (L/kg) % [C (peak desired) —
C (trough desired) (mg/L)]

(Eq. 9)
Dose (mg/kg) = 0.75 L/kg x (32 mg/L — 8 mg/L)

Dose (mg/kg) = 18 mg/kg

The current dose produces a peak of 32 mg/L that is in the
recommended therapeutic range, and lengthening the dosing
interval to 2 half-lives (13)4 hours) after the peak is reached
(2 hours after beginning the dose infusion) will produce a trough
concentration of 8 mg/L. The dose interval should be increased
to 16 hours and the dose increased to 18 mg/kg.

Step 4: Estimating peak and trough concentrations with the
new regimen provides a good double check against a mathemati-
cal error. Sixteen hours after the 15 mg/kg dose is administered
(or approximately 2 half-lives after the measured peak), the
trough should be approximately 8 mg/L. At this time, admin-
istration of 18 mg/kg will raise the concentration by 24 mg/L
(assuming a Vd of 0.75 L/kg) to a peak concentration of
32 mg/L.

REPETITIVE DOSING AND DRUG ACCUMULATION

When multiple doses are administered, the dose is usually
repeated before complete elimination of the previous one. In this
situation, peak and trough concentrations increase until a steady-
state concentration (C,) is reached (Fig. 6-3). The average C
(AvgCy) can be calculated as follows®:
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In Equations 10 and 11, f is the fraction of the dose that is
absorbed, D is the dose, 7 is the dosing interval in the same units
of time as the elimination half-life, % is the elimination rate
constant, and 1.44 equals the reciprocal of 0.693 (see Equation
3). The magnitude of the average C, is directly proportional to
the ratio of T,/ and D.*

STEADY STATE

Steady state occurs when the amount of drug removed from the
body between doses equals the amount of the dose.”** Five half-
lives are usually required for drug elimination and distribution
among tissue and fluid compartments to reach equilibrium.
When all tissues are at equilibrium (i.e., steady state), the peak
and trough concentrations are the same after each dose. However,
before this time, constant peak and trough concentrations after
intermittent doses, or constant concentrations during drug infu-
sions, do not prove that a steady state has been achieved because
drug may still be entering and leaving deep tissue compartments.
During continuous infusion, the fraction of steady-state concen-
tration that has been reached can be calculated in terms of
multiples of the drug’s halflife.”? After three half-lives, the con-
centration is 88% of that at steady state. When changing doses
during chronic drug therapy, the concentration should usually
not be rechecked until several half-lives have elapsed, unless
elimination is impaired or signs of toxicity occur. Drug concen-
trations may not need to be checked if symptoms improve.

LOADING DOSE

If the time to reach a constant concentration by continuous or
intermittent dosing is excessive, a loading dose may be used to
reach plateau in the concentration more rapidly. This frequently
is applied to initial treatment with digoxin, which has a 35- to
69-hour half-life in term neonates and an even longer half-life in
preterm infants.” Use of a loading dose increases the circulating
concentration of drug earlier in the therapeutic course, but for
the equilibration to reach a true steady-state still requires treat-
ment for five or more half-lives. Loading doses must be used
cautiously, because they increase the likelihood of drug toxicity,
as has been observed with loading doses of digoxin.*»!*"*

Dose calculations using a 1-compartment model (Eq. 9) may
not be applicable to many anesthetic drugs that are characterized
using multi-compartment models. The use of V1 results in a
loading dose too high, while the use of Vdss results in a loading
dose too low. Too high a dose may cause transient toxicity,
although slowing the rate of administration may prevent exces-
sive concentrations during the distributive phase.

The time to peak effect (Tpeak) is dependent on clearance and
effect-site equilibration half-time (Tj,keo). At a submaximal
dose, Tpeak is independent of dose. At supramaximal doses,
maximal effect will occur earlier than Tpeak and persist for longer
duration because of the shape of the response curve (see later
discussion). The Tpeak concept has been used to calculate
optimal initial bolus doses,” because V1 and Vdss poorly reflect
the required scaling factor. A new parameter, the volume of

distribution at the time of peak effect-site concentration (Vpe) is
used and is calculated.

Vo VL

%]

where G is the theoretical plasma concentration at ¢ = 0 after the
bolus dose, and Cpeak is the predicted effect-site concentration
at the time of peak effect-site concentration. Loading dose (LD)
can then be calculated as

LD = Cpeak - Vpe

(Eq. 12)

(Eq. 13)

Population Modeling

Pediatric anesthesiologists have embraced the population
approach for investigating PK and PD. This approach, achieved
through nonlinear mixed effects models, provides a means to
study variability in drug responses among individuals representa-
tive of those in whom the drug will be used clinically. Traditional
approaches to interpretation of time-concentration profiles relied
on “rich” data from a small group of subjects. In contrast, mixed
effects models can be used to analyze “sparse” (2 to 3 samples)
data from a large number of subjects. Sampling times are not
crucial for population methods and can be fit around clinical
procedures or outpatient appointments. Sampling time-bands
rather than exact times is equally effective and allows flexibility
in children.”* Interpretation of truncated individual sets of
data or missing data is also possible with this type of analysis,
rendering it particularly useful for pediatric studies. Population
modeling also allows pooling of data across studies to provide
a single robust PK analysis rather than comparing separate
smaller studies that are complicated by different methods and
analyses.

Mixed effects models are “mixed” because they describe the
data using a mixture of fixed and random effects. Fixed effects
predict the average influence of a covariate, such as weight, as an
explanation of some of the variability between subjects in a
parameter like clearance. Random effects describe the remaining
variability between subjects that are not predictable from the
fixed effect average. Explanatory covariates (e.g., age, size, renal
function, sex, temperature) can be introduced that explain the
predictable part of the between-individual variability. Nonlinear
regression is performed by an iterative process to find the curve
of best fit.”*

Pediatric Pharmacokinetic Considerations

Growth and development are two major aspects of children not
readily apparent in adults. How these factors interact is not neces-
sarily easy to determine from observations because they are quite
highly correlated. Drug clearance, for example, may increase with
weight, height, age, body surface area, and creatinine clearance.
One approach is to standardize for size before incorporating a
factor for maturation.”

SIZE

Clearance in children 1 to 2 years of age, expressed as L/hr/kg,
is commonly greater than that observed in older children and
adolescents. This is a size effect and is not because of bigger livers
or increased hepatic blood flow in that subpopulation. This
“artifact of size” disappears when allometric scaling is used.
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Allometry is a term used to describe the nonlinear relationship
between size and function. This nonlinear relationship is
expressed as

9= a- BodyMass"™* (Eq. 14)

where y is the variable of interest (e.g., basal metabolic rate
[BMR]), « is a scaling parameter and PWR is the allometric
exponent. The value of PWR has been the subject of much
debate. BMR is the commonest variable investigated and camps
advocating for a PWR value of 24 (i.e., body surface area) are at
odds with those advocating a value of %.

Support for a value of ¥ comes from investigations that show
the log of BMR plotted against the log of body weight produces
a straight line with a slope of % in all species studied, including
humans. Fractal geometry mathematically explains this phenom-
enon. The ¥-power law for metabolic rates was derived from a
general model that describes how essential materials are trans-
ported through space-filled fractal networks of branching tubes.™
A great many physiologic, structural, and time related variables
scale predictably within and between species with weight (W)
exponents (PWR) of %, 1, and Y, respectively.” These exponents
have applicability to PK parameters, such as clearance (CL expo-
nent of %), volume (V exponent of 1) and half-time (T, expo-
nent of ¥%).”! The factor for size (Fsize) for total drug clearance

may be expressed:
Fsize = (WAO)W

Remifentanil clearance in children aged 1 month to 9 years is
similar to adult rates when scaled using an allometric exponent
of ¥ . Nonspecific blood esterases that metabolize remifentanil
are mature at birth.”

(Eq. 15)

MATURATION

Allometry alone is insufficient to predict clearance in neonates
and infants from adult estimates for most drugs.”*** The addition
of a model describing maturation is required. The sigmoid hyper-
bolic or Hill model*® has been found useful for describing this
maturation process (MF).

PMAH:‘[I
- TM{{”I + PMAH

The TMs, describes the maturation half-time, while the Hill
coefficient relates to the slope of this maturation profile. Matura-
tion of clearance begins before birth, suggesting that postmen-
strual age (PMA) would be a better predictor of drug elimination
than postnatal age.’! Figure 6-4 shows the maturation profile for
dexmedetomidine, expressed as both the standard per-kilogram
model and by using allometry. Clearance is immature in infancy.
Clearance, expressed as per kilogram, is greatest at 2 years of age,
decreasing subsequently with age. This “artifact of size” disap-
pears with use of the allometric model.

MF (Eq. 16)

ORGAN FUNCTION

Changes associated with normal growth and development can be
distinguished from pathologic changes describing organ func-
tion.” Morphine clearance is reduced in neonates because of
immature glucuronide conjugation, but clearance was lower in
critically ill neonates than healthier cohorts,” possibly attribut-
able to reduced hepatic function. The impact of organ function
alteration may be concealed by another covariate. For example,
positive pressure ventilation may be associated with reduced
clearance. This effect may be attributable to a consequent reduced
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FIGURE 6-4 The clearance (CL) maturation profile of dexmedetomidine,
expressed using the per-kilogram model and the allometric ¥, -power
model. This maturation pattern is typical of many drugs cleared by the
liver or kidneys. (Data extracted from Potts AL, Anderson BJ, Warman GR,
et al. Dexmedetomidine pharmacokinetics in pediatric intensive care—a
pooled analysis. Pediatr Anesth 2009;19:1119-29.)

hepatic blood flow with a drug that has perfusion limited clear-
ance (e.g., propofol, morphine).

Pharmacokinetic parameters (P) can be described in an indi-
vidual as the product of size (Fsize), maturation (MF) and organ
function (OF) influences, where Psid is the parameter value in
a standard size adult without pathologic changes in organ
function®’:

P = Pstd - Fsize- MF - OF (Eq. 17)

Pharmacodynamic Models

Pharmacokinetics is what the body does to the drug, while phar-
macodynamics is what the drug does to the body. The precise
boundary between these two processes is ill defined and often
requires a link describing movement of drug from the plasma to
the effect-site and its target. Drugs may exert effects at nonspe-
cific membrane sites, by interference with transport mechanisms,
by enzyme inhibition or induction, or by activation or inhibition
of receptors.

SIGMOID Emax MODEL

The relation between drug concentration and effect may be
described by the Hill equation or Emax model (see maturation
model above)™:

(Emax - Ce™)

Effect = E 4 22 Ce )
e (ECY +CeV)

(Eq. 18)
where E0 is the baseline response, Emax is the maximum effect
change, Ce is the concentration in the effect compartment, ECj,
is the concentration producing 50% Emax, and N is the Hill
coefficient defining the steepness of the concentration-response
curve (Fig. 6-5). Efficacy is the maximum response on a dose or
concentration-response curve. ECs can be considered a measure
of potency relative to another drug, provided N and Emax for
the two drugs are the same. A concentration-response relation-
ship for acetaminophen has been described using this model. An
EC; of 9.8 mg/L, N = 1, and an Emax of 5.3 pain units (on a
visual analog scale [VAS] of 0 to 10) was reported.”” Midazolam
PD in adults have been similarly defined using electroencepha-
lographic (EEG) responses.®"*2
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FIGURE 6-5 The sigmoid Emax model is commonly used fo describe the
relationship between drug response and concentration. Changing the Hill
coefficient (N) dramatically alters the shape of the curve.

QUANTAL EFFECT MODEL

The potency of anesthetic vapors may be expressed by minimum
alveolar concentration (MAC), and this is the concentration at
which 50% of subjects move in response to a standard surgical
stimulus. MAC appears, at first sight, to be similar to ECs, but
is an expression of quantal response rather than magnitude of
effect. There are two methods of estimating MAC. Responses can
be recorded over the clinical dose range in a large number of
subjects and logistic regression applied to estimate the relation-
ship between dose and quantal effect; the MAC can then be
interpolated. Large numbers of subjects may not be available, so
an alternative is often used. The “up and down” method described
by Dixon®*** estimates only the MAC rather than the entire
sigmoid curve. It usually involves a study of only one concentra-
tion in each subject and, in a sequence of subjects, each receives
a concentration depending on the response of the previous
subject; the concentration is either decreased if the previous
subject did not respond or increased if they did. The MAC is
calculated either as the mean concentration of equal numbers of
responses and no-responses or is the mean concentration of pairs
of “response-no response.”

LOGISTIC REGRESSION MODEL

When the pharmacologic effect is difficult to grade, then it may
be useful to estimate the probability of achieving the effect as a
function of plasma concentration. Effect measures, such as
movement/no movement or rousable/nonrousable, are dichoto-
mous. Logistic regression is commonly used to analyze such data
and the interpolated ECs, value refers to the probability of
response. For example, an ECsy of 0.52 mg/L for arousal after
ketamine sedation in children has been estimated using this
technique.”

Linking Pharmacokinetics with
Pharmacodynamics

A simple situation in which drug effect is directly related to
concentration does not mean that drug effects parallel the time
course of concentration. This occurs only when the concentra-
tion is low in relation to ECs. In this situation the half-life of
the drug may correlate closely with the half-life of drug effect.

Observed effects may not be directly related to serum concentra-
tion. Many drugs have a short half-life but a long duration of
effect. This may be attributable to induced physiologic changes
(e.g., aspirin and platelet function) or may be a result of the shape
of the Emax model. If the initial concentration is very high in
relation to the ECs, then drug concentrations five half-lives later,
when we might expect a minimal concentration, may still exert
considerable effect.

There may also be a delay as a result of transfer of the drug
to the effect site (e.g., neuromuscular blockers), a lag time (e.g.,
diuretics), physiologic response (e.g., antipyresis), active metabo-
lite (e.g., propacetamol), or synthesis of physiologic substances
(e.g., warfarin). A plasma concentration-effect plot can form a
hysteresis loop because of this delay in effect. Hull and Sheiner
introduced the effect compartment concept for neuromuscular
blockers.®**” A single first-order parameter (T;,,keo) describes the
equilibration half-time. This mathematical trick assumes that the
concentration in the central compartment is the same as that in
the effect compartment at equilibration, but that a time delay
exists before drug reaches the effect compartment. The con-
centration in the effect compartment is used to describe the
concentration-effect relationship.®

Adult T,,keo values are well described (e.g., morphine, 16
minutes; fentanyl, 5 minutes; alfentanil, 1 minute; propofol, 3
minutes). This T/,keo parameter is commonly incorporated into
target controlled infusion pumps in order to achieve a rapid
effect-site concentration. The adult midazolam T,,keo of
5 minutes may be prolonged in the elderly, resulting in overdose
if this is not recognized during dose titration.®

The T,/keo for propofol in children has been described. As
expected, a shorter T),keo with decreasing age based on size
models has been described.”*’ Similar results have been demon-
strated for sevoflurane and changes in the EEG.” If the effect-site
is targeted and peak effect (Tpeak) is anticipated to be later than
it actually is because it was determined in a teenager or adult,
this will result in excessive dose in a young child.

Drug Distribution

PROTEIN BINDING

Acidic drugs (e.g., diazepam, barbiturates) tend to bind mainly
to albumin while basic drugs (e.g., amide local anesthetic agents)
bind to globulins, lipoproteins and glycoproteins. In general,
plasma protein binding of many drugs is decreased in the neonate
relative to the adult in part because of reduced total protein and
albumin concentrations (Fig. 6-6).”' Many drugs that are highly
protein bound in adults have less of an affinity for protein in
neonates (E-Fig. 6-1).”"” Reduced protein binding increases the
free fraction of medications, thus providing more free medication
and greater pharmacologic effect.*>!*1” This effect is particu-
larly important for medications that are highly protein bound,
because the reduced protein binding increases the free fraction
of the medication to a greater extent than for low protein bound
drugs. For example, phenytoin is 85% protein bound in healthy
infants but only 80% in those who are jaundiced. This equates
to a 33% increase in the free fraction of phenytoin when jaundice
occurs (E-Fig. 6-2). Differences in protein binding may have
considerable influence on the response to medications that are
acidic and are, therefore, highly protein bound (e.g., phenytoin,
salicylate, bupivacaine, barbiturates, antibiotics, theophylline,
and diazepam)."” In addition, some medications, such as phe-
nytoin, salicylate, sulfisoxazole, caffeine, ceftriaxone, diatrizoate
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E-FIGURE 6-1 Altered protein binding may affect the clinical response to
any medication; notfe the much lower protfein binding of phenobarbital
and penicillin in the neonate and fetus compared with the adult. This
reduced protein binding may partially account for the prolonged
pharmacologic effects of barbiturates in neonates, because more unbound
drug is able to be pharmacologically active. (Data from Ehrnebo M, Agurell
S, Jalling B, et al. Age differences in drug binding by plasma profeins:
studies on human foetuses, neonates and adults. Eur J Clin Pharmacol
1971;3:189-93.)
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E-FIGURE 6-2 Note that in the presence of hyperbilirubinemia, many
drugs that are protein bound compete with bilirubin for binding sites,
resulting in both elevated unbound bilirubin and unbound drug. This
interaction may lead to an increased propensity for the development of
kernicterus as well as more drug available for clinical effect. This effect is
particularly important for drugs that normally are highly protein bound
(e.g., phenytoin) but would be of minimal importance for drugs that have
low protein binding (e.g., ampicillin). (Data from Ehrnebo M, Agurell S,
Jalling B, et al. Age differences in drug binding by plasma profeins: studies

on human foetuses, neonates and adults. Eur J Clin Pharmacol

1971;3:189-93.)
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E-FIGURE 6-10 MAC (minimum alveolar concentration) of desflurane in neonates, infants and children. MAC in full-ferm 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.)
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32 weeks gestation (1.28 £ 0.17%) is 10% less than it is in neo-
nates of 32 to 37 weeks gestational age (1.41 £ 0.18%), which in
turn is 12% less than it is in full-term neonates (1.60 + 0.03%).>*!
The etiology of these age-dependent changes in MAC remains
elusive. Several possible causes have been proposed, including
maturational changes in the CNS and neurohumoral factors, but
none of them have been confirmed.

Other factors are known to affect MAC. The melanocortin-1
receptor gene has been shown to affect the MAC of desflurane.
That is, 90% of adults who were either homozygous or hetero-
zygous for mutations of this gene (i.e., redheads) required 20%
more anesthesia than those who had no mutations (brunettes).’*
A similar relationship should hold true for children with these
mutations. Hypothermia decreases MAC. In children 4 to 10
years, the MAC of isoflurane decreases 5% per degree Celsius.**

Cerebral palsy and severe cognitive impairment reduce the
MAC of halothane approximately 25% compared with healthy
children.”” Although tetanic stimulation was used to elicit a pain
response, this stimulus underestimates the MAC compared with
skin incision.**® Nonetheless, the MAC of halothane in healthy
children was similar to published data with skin incision.*”’
Chronic anticonvulsant therapy decreased the MAC of halo-
thane in handicapped children by 15%, compared with those
without anticonvulsants, from 0.71% + 0.10% to 0.62% =+
0.03%.** Several factors may account for the decrease in MAC
in children with cognitive impairment, including central sensory
impairment, increased pain threshold or insensitivity, and a dis-
equilibrium of inhibitory and excitatory regulatory neurons
within the spinal cord in these children.’*”*** Although the acute
administration of barbiturates and benzodiazepines decreases
MAC,***° chronic administration of similar medications does
not.”! The effects of specific anticonvulsants, such as valproic
acid and phenytoin, on the MAC of inhalational anesthetics in
children remain unclear.

The MAC for nitrous oxide has been estimated to be 104%
in adults™?; comparable data do not exist in children. The addi-
tivity of MAC fractions of inhalational anesthetics (as well as
nitrous oxide) is well established. For example, the total anes-
thetic delivered when 0.5 MAC of one agent and 0.5 MAC of a
second agent are administered is 1 MAC. In adults, the concept
of additivity has been confirmed for all inhalational anesthetics,
including sevoflurane and desflurane, in combination with
nitrous oxide.”**** In children, the concept of MAC additivity
holds true when nitrous oxide is combined with halothane or
isoflurane®>*** but not when nitrous oxide is combined with
sevoflurane or desflurane.”*”?**** Nitrous oxide 60% decreases
the MAC of sevoflurane only 20% and that of desflurane 26%
(Table 6-7).*%*%%7 The MAC response to tracheal intubation
during sevoflurane anesthesia in children is also attenuated with
nitrous oxide.”®® The explanation for the differential additivity
effect of nitrous oxide in children remains unclear.

The MAC for xenon in middle-aged adults is about 70%.%***%
The MAC of xenon in children has not been determined.

The MAC responses to stimuli other than skin incision have
also been determined in children (Table 6-8). The MAC for tra-
cheal intubation is 10% to 50% greater than the MAC for skin
incision for halothane,**%? enflurane,*®® and sevoflurane,*®3¢436
whereas the MAC for tracheal extubation is 10% to 25% less than
the MAC for skin incision for isoflurane,**® desflurane,’”” and
sevoflurane.****** The MAC values for laryngeal mask airway
insertion and removal during sevoflurane differ by 15%.%*%7°
The MAC response to tracheal intubation during sevoflurane

TABLE 6-7 Percent MAC Reduced in 2-Year-Olds with
60% Nitrous Oxide

MAC with Oxygen =~ MAC with 60%  Percent MAC
Agent (%) Nitrous Oxide Reduced
Halothane 0.91 0.37 65
Desflurane 8.67 6.4 26
Sevoflurane 25 2.0 20

From Gregory GA, Eger El 2nd, Munson ES. The relationship between age and
halothane requirements in man. Anesthesiology 1969;30:488-91; Taylor RH,
Lerman J. Minimum alveolar concentration of desflurane and hemodynamic
responses in neonates, infants, and children. Anesthesiology 1991;75:975-9; Lerman
J, Sikich N, Kleinman S, Yentis S. The pharmacology of sevoflurane in infants and
children. Anesthesiology 1994;80:814-24; Murray DJ, Mehta MP, Forbes RB, Dull DL.
Additive contribution of nitrous oxide fo halothane MAC in infants and children.
Anesthesia Analgesia 1990;71:120-4; Fisher DM, Zwass MS. MAC of desflurane in
60% nitrous oxide in infants and children. Anesthesiology 1992,76:354-6.

MAC, Minimum alveolar concentration.

TABLE 6-8 MAC Values in Children

MAC (%) References

Tracheal intubation Halothane: 1.33 361
Enflurane: 2.93 363
Sevoflurane: 2.69, 2.66, 342, 358, 364
2.83

Tracheal extubation  Isoflurane: 1.4 366
Sevoflurane: 1.70, 2.3 368, 369
Desflurane: 7.7 367

LMA insertion Sevoflurane: 2.0 364

LMA extubation Sevoflurane 1.84 370

Desflurane (with 1-1.3 ng/kg 1909

Fentanyl) 3.56%

Halothane, enflurane, Calculated
sevoflurane: 1.33 from MAC data
Sevoflurane: 0.66 (2-5 years) 1910

and 0.43 (5-12 years)

Tracheal intubation/
skin incision ratio*
MAC awake

LMA, Laryngeal mask airway; MAC, minimum alveolar concentration.
*Calculated using the above MAC data.

anesthesia in children is attenuated in the presence of adjuvants,
such as clonidine (E-Table 6-1).* Conflicting evidence exists
regarding the relative potencies of stereoisomers or enantiomers
of chiral inhalational anesthetics.”"*” Studies in animals suggest
that the (+)S optical enantiomer may be more potent than the
()R enantiomer, as evidenced by its ability to enhance potassium
conductance in neurons.”'*” In adults, the ()R enantiomer of
isoflurane was nominally (17%) more potent than the (+)S
enantiomer.””

Central Nervous System

All potent inhalational anesthetics depress the central nervous
system (CNS), as evidenced by dose-dependent decreases in the
cerebral vascular resistance and the cerebral metabolic rate for
oxygen (CMRO,). The decrease in vascular resistance causes a
reciprocal increase in cerebral blood flow (CBF) that begins at
approximately 0.6 MAC.” The extent of the increase in CBF,
however, depends on the inhalational anesthetics: halothane >
enflurane ~ desflurane > isoflurane > sevoflurane.”**”” In adults,
the cerebral vasculature remains responsive to CO, under general
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E-TABLE 6-1 Effects of Adjunctive Therapies on MAC
of Sevoflurane

Adjunct MAC Sevoflurane References
MAC tracheal intubation in 2.69, 2.66%, 3.2% 342, 358, 365
oxygen

MAC tracheal intubation and  1.57% (41% decrease), 358, 365
60% N,O 2.4% (25% decrease)

MAC tracheal intubation and ~ 40% decrease 365

oral clonidine (4 ug/kg)

MAC tracheal intubation and ~ 56% decrease 365

clonidine (4 ng/kg) and

60% N,O

MAC, Minimum alveolar concentration.



anesthesia but decreases with increasing MAC, disappearing at
1.5 MAC in the case of desflurane.” The net effect of inhala-
tional anesthetics is a dose-dependent increase in the ratio of the
CBF to CMRO,.

The effects of inhalational anesthetics on the CNS in children
have not been fully elucidated. Autoregulation of CBF does not
appear to vary with age in children up to 1.5 MAC sevoflu-
rane.””*® CBF velocity in children varies directly with the end-
tidal CO, during halothane and isoflurane anesthesia.*®' CBF
velocity increases as the concentrations of halothane®® and des-
flurane® increase. Compared with halothane, however, sevoflu-
rane does not increase CBF velocity, suggesting it may be the
preferred anesthetic.”®* Based on current evidence, sevoflurane
and isoflurane remain the preferred inhalational anesthetics for
neuroanesthesia in children at low MAC values (less than 1 MAC)
and in the presence of mild hyperventilation (see Chapter 24).

In children, the EEG activity during halothane anesthesia
differs substantially from that of sevoflurane. In the case of halo-
thane, the EEG is characterized by slow waves superimposed on
fast thythms (o0 and B waves), whereas in the case of sevoflurane,
the EEG is characterized by mainly sharp slow waves.*® Further-
more, the shift of power of the EEG from low (1 to 4 Hz) to
medium frequencies (8 to 30 Hz) is greater for halothane than it
is for sevoflurane. The clinical relevance of these EEG differences
remains unclear at this time, but may explain in part the incon-
sistencies reported with processed EEG monitoring in children
anesthetized with various inhalation anesthetics (see later
discussion).

Enflurane was the first inhalational anesthetic to be associated
with seizure activity both clinically and electroencephalographi-
cally in humans.”**** High concentrations of enflurane and a
respiratory alkalosis were associated with seizure activity.

Both myoclonic movement of the extremities and transient
spike and wave complexes on EEG have been reported during
sevoflurane anesthesia in children.’®”*?°! Diffuse spike and wave
complexes were noted on EEG at 5% and 7% inspired concentra-
tions in two children with histories of epilepsy.**’ In a third child
without a history of seizures, a 30-second burst of spike and wave
complexes was recorded during sevoflurane anesthesia, but iden-
tified only after the event resolved.””” The EEG data were ana-
lyzed in children who were premedicated with midazolam and
then anesthetized with halothane or sevoflurane. There was no
evidence of seizure activity.”® Cortical epileptiform EEG activity
has been reported during 1 to 2 MAC sevoflurane in adults with
one episode of seizures that occurred with a pCO, of 34 mm
Hg.*”® This prompted some to recommend limiting the depth of
anesthesia with sevoflurane to minimize epileptiform EEG activ-
ity or even clinically evident seizure activity.*”® However, the
co-administration of other anesthetic medications, such as mid-
azolam, nitrous oxide, and opioids, may attenuate epileptiform
EEG activity.*”® Furthermore, the notion of limiting the depth of
sevoflurane anesthesia by reducing the concentration of sevoflu-
rane as soon as the eyelash reflex is lost has not been shown to
benefit children, and may actually increase the risk of awareness
(see later discussion).

The association between myoclonic movement and seizures
during induction of sevoflurane anesthesia remains tenuous. To
prevent involuntary movements during induction, we recom-
mend that the inspired concentration of sevoflurane be increased
in a single stepwise manner from 0% to 8% (see Induction,
earlier). If apnea occurs, ventilation should be assisted gently,
while avoiding hyperventilation.
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Awareness during inhalational anesthesia has been reported
to occur with an incidence of 0.2% to 1.2% during sevoflurane
anesthesia in children,*””?”” which exceeds that in adults. The
reason(s) for this discrepancy remains unclear. These studies do
suggest that children who experience awareness do not develop
long-term sequelae.’” Concerns over awareness during anesthesia
has increased interest in the use of processed EEG monitoring
in children.*”” Processed EEG monitoring during anesthesia has
been evaluated using a number of EEG signals and techniques,
processing signals in a “black box” and displaying a single numer-
ical result. The most widely studied monitor to date is the BIS
monitor, which displays the value on a scale between 0 and 100
(see Chapter 51). In adults, BIS readings below 60 are thought
to be associated with a small risk of awareness and recall, whereas
readings greater than 70 are associated with a large risk for aware-
ness. The BIS value has been studied in children to a limited
degree to date, but its validity and role in the anesthetic manage-
ment of infants and children under 5 years of age remain in
question. One concern is that the EEG algorithm in current BIS
software is derived from adult EEG data, not from children.
Despite use of an algorithm derived from adults, BIS measure-
ments in children appear, for the most part, to track the depth
of anesthesia, and these values correlate with the end-tidal con-
centration of the anesthetic. However, several unexplained curi-
osities have been reported. The BIS readings for halothane in
children exceed those for isoflurane, desflurane, and sevoflurane
at equipotent anesthetic concentrations.”>*** This has been
attributed to the differential effects of anesthetics on the EEG.
The BIS readings for a specific sevoflurane concentration
decreases with increasing ages.”*>*>'"! The validity of processed
EEG monitoring in children younger than 5 years has not been
established. In children, the BIS values actually increased between
3% and 4% with sevoflurane, a paradoxical response to date
unexplained.”" A further concern is the enormous interindivid-
ual variability in processed EEG monitoring, making it difficult
to define thresholds for awareness or lack thereof.*”! Interestingly,
spontaneous ventilation increases the variability in the BIS read-
ings."” The issue is further complicated by the fact that ketamine,
nitrous oxide, and opioids do not depress the EEG in a dose-
dependent manner. Discrepant BIS readings have been reported
from the right and left sides of the brain*® as well as in the prone
position."” The BIS readings in children with cognitive impair-
ment are reported to be 28 points less than those in unimpaired
children at the same anesthetic concentration, although the
authors failed to account for the reduced MAC in the impaired
group.’” Had they done so, the BIS readings may have been
identical. The aggregate of this evidence undermines the validity
of processed EEG monitoring in children.

Cardiovascular System

Inhalational anesthetics (with the exception of xenon) affect the
cardiovascular system either directly (by depressing myocardial
contractility, altering the conduction system, or by dilating the
peripheral vasculature) or indirectly (by affecting the balance of
parasympathetic and sympathetic nervous systems and neuro-
humoral, renal, or reflex responses). The cardiovascular responses
to inhalational anesthetics in children are further complicated by
maturational changes in the cardiovascular system and its respon-
siveness to these anesthetics. When all of these developmental
changes are taken into consideration there is a reduced margin
of safety between adequate anesthesia and severe cardiopulmo-
nary depression in infants and children compared with adults.
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The salient features of the immature cardiovascular system in
infants and children at both the macroscopic and microscopic
levels have been reviewed.'*

Assessment of cardiovascular variables in infants and children
presents a challenge for clinicians. Although blood pressure (BP)
and electrocardiography are standard monitors of hemodynamics
in infants and children of all ages, measures of cardiac output
and myocardial contractility are much more difficult to quanti-
tate accurately. Two-dimensional echocardiography and imped-
ance cardiometry have been used to estimate cardiac output and
myocardial contractility in infants and children,*”** although
the echocardiographic measurements are subject to variability
depending on the preload and afterload. Load-independent
derived echocardiographic variables (stress-velocity and stress-
shortening indices) have improved the accuracy of echocardio-
graphic estimates of myocardial function and are used with
increasing frequency.”! Transesophageal echocardiography is
used much more frequently in children, although its use is
limited to children with congenital heart disease undergoing
cardiac surgery.

In children, several factors determine the BP responses to
inhalational anesthetics, including the particular anesthetic
studied, the dose, the presence of a premedication, the level of
preoperative anxiety, and the systemic pressure measured: sys-
tolic, diastolic, or mean. Most studies demonstrate modest, dose-
dependent decreases in BP with all of the inhalational anesthetics,
although the magnitudes of the changes vary. In a direct com-
parison of sevoflurane and halothane, systolic BP decreased 7.5%
at 1 MAC sevoflurane and 12.5% at 1 MAC halothane, but
returned to awake values at 1.5 MAC with both anesthetics.”"! In
children older than 1 year of age, systolic BP decreased 0% to
11% at 1 MAC sevoflurane, and 22% to 28% at 1 MAC desflu-
rane, compared with awake values.”***** At 1 MAC, mean BP in
children decreased 15% to 25% with isoflurane and sevoflu-
rane.”®"° All of the inhalational anesthetics (in concentrations
up to 1.5 MAC) modestly depress the systemic BP in children.

Myocardial contractility decreases to a greater extent during
halothane (up to 1.5 MAC) than during isoflurane or sevoflurane
anesthesia, as evidenced by decreases in cardiac output and ejec-
tion fraction in healthy children.*”*#**"* Cardiac index decreased
to similar extents with halothane and sevoflurane at 1 and 2
MAC: 10% at 1 MAC and 20% to 35% at 2 MAC.*° Ejection
fraction decreased 30% at 0.5 and 1.5 MAC halothane compared
with awake values, but is unchanged at equipotent concentrations
of isoflurane.’”® The addition of nitrous oxide to halothane or
isoflurane in infants and small children depresses myocardial
function to a similar extent as equipotent anesthetic concentra-
tions of halothane or isoflurane in oxygen.”? In children, halo-
thane decreases myocardial contractility in a dose-dependent
manner and to a greater extent than the ether anesthetics. Iso-
flurane and sevoflurane decrease myocardial contractility to a
lesser extent than halothane and are preferred for children with
limited cardiovascular reserves. IV atropine restores the decrease
in myocardial function, in part, associated with halothane anes-
thesia,">*"® whereas IV balanced salt solution restores the
decrease in myocardial function associated with isoflurane
anesthesia.'”

The mechanism by which inhalational anesthetics depress
myocardial function remains controversial. Studies in both
animal and human myocardial cells suggest that halothane, iso-
flurane, and sevoflurane directly depress myocardial contractility
by decreasing intracellular Ca®** flux. Inhalational anesthetics

decrease the Ca?* flux by their action on the calcium channels
themselves, ion exchange pumps, and the sarcoplasmic reticu-
lum."® Evidence suggests that inhalational anesthetics attenuate
contractility of ventricular myocytes via voltage-dependent
L-type calcium channels (which are responsible for release of large
amounts of calcium from the sarcoplasmic reticulum)."*4!?

That neonates and infants are more sensitive to the depres-
sant actions of inhalational anesthetics than are older children
is supported by experimental evidence of maturational differ-
ences between neonatal and adult rat, rabbit, and feline
myocardium.””*? Structural differences that may account, in
part, for the changes in myocardial sensitivity to inhalational
anesthetics with age, include a reduction in contractile elements,
immature sarcoplasmic reticulum, and functional differences in
calcium sensitivity of the contractile elements, calcium chan-
nels, and the sodium-calcium pump in the neonatal myocar-
dium 106416418420423 The determinants of Ca’* homeostasis in
neonatal ventricular myocardial cells depend on transsarcolem-
mic Ca** flux to a far greater extent than on the sarcoplasmic
reticulum.*® This is based on a growing body of experimental
evidence that includes the finding that the concentration of the
Na*-Ca** exchange protein in the neonatal myocardium, a
protein that regulates transsarcolemmic flux of Ca*, exceeds
that in adult cells by 2.5-fold and that its concentration decreases
with age as the concentration of L-type voltage-dependent
calcium channels increases.’® Furthermore, halothane reversibly
inhibits the Na*-Ca?* exchange protein in immature myocardial
cells.”® The sarcoplasmic reticulum is poorly developed in neo-
natal myocardial cells, and this finding weighs heavily against
the sarcoplasmic reticulum being the major source of Ca®*
required for myocardial contractility. Further research is required
before the contribution of each aspect of Ca** homeostasis to
myocardial contractility in the neonate can be confirmed.

Ever since the introduction of halothane into clinical practice,
clinicians have been aware of a greater incidence of hypotension
and bradycardia in neonates who were anesthetized with halo-
thane than in adults. However, this was not the case when equi-
potent concentrations (approximately 1 MAC) of halothane®*!*
were administered to neonates and older infants 1 to 6 months
of age. Subsequent studies demonstrated that isoflurane,”* sevo-
flurane,’* and desflurane™ all decreased systolic pressure in neo-
nates to similar extents as in older infants 1 to 6 months of age.
Interestingly, systolic BP decreased 30% in response to 1 MAC
sevoflurane in neonates and infants 1 to 6 months of age, which
was substantially greater than the 5% decrease in older infants
and children up to 12 years of age.’* In the case of desflurane,
systolic BP decreased 30% in response to 1 MAC desflurane
across all age groups.”” These data suggest that systolic BP
decreases up to 30% in response to 1 MAC of all inhalational
anesthetics in infants and children, and that caution should be
exercised when administering these anesthetics to infants and
children who are at risk for hemodynamic instability, or in whom
greater concentrations of inhaled anesthetics are required. On the
basis of echocardiographic determinations, cardiac output and
ejection fraction decrease in a dose-dependent fashion from
awake to 1.5 MAC halothane and isoflurane in neonates and
infants."” In a comparison of sevoflurane and halothane up to
1.5 MAC in infants, sevoflurane maintained cardiac index but
decreased BP and systemic vascular resistance.*” Myocardial con-
tractility decreased in a dose-dependent manner with halothane
as well as with sevoflurane, although the decrease with the former
exceeded that with the latter.



The baroreceptor reflex response is also depressed in infants
with either halothane® or isoflurane,””’ albeit to a greater extent
with halothane. In view of the greater incidence of hypotension
in neonates and infants than older children, an intact barorecep-
tor reflex could offset in part, the cardiovascular consequences.
However, inhalational anesthetics blunt this response, leaving the
infant vulnerable to the direct cardiodepressant actions of the
anesthetics. Prophylactic anticholinergics augment the cardiac
output by increasing the heart rate.

Two studies evaluated the effects of inhalational anesthesia on
the hemodynamics of children with congenital heart disease
undergoing cardiac surgery.”*** Sevoflurane maintained cardiac
index and heart rate with less hypotension and negative inotropic
effect than halothane. Isoflurane maintained cardiac index and
ejection fraction, increased heart rate, and caused less depression
of mean arterial pressure than halothane.*”® Sevoflurane was also
associated with fewer episodes of severe hypotension and reduced
need for vasopressors and chronotropes during emergence than
halothane.*”’

Inhalational anesthetics also vary in their effect on cardiac
rhythm. Halothane slows the heart rate, in some cases leading to
junctional rhythms, bradycardia, and asystole. This response is
dose dependent. Three mechanisms have been proposed to
explain the genesis of halothane-associated dysrhythmias: a direct
effect on the sinoatrial node, a vagal effect, or an imbalance in
the parasympathetic and sympathetic tone. It has also been sug-
gested that the etiology of the bradycardia during halothane
anesthesia may be a withdrawal of sympathetic tone. Bradycardia
is particularly marked in the neonate, presumably because para-
sympathetic influences predominate over the sparse sympathetic
innervation of the myocardium in this age group. Junctional
rhythms are also common during halothane anesthesia. Atrial or
ventricular ectopic beats are rare, except in the presence of hyper-
capnia.”® In infants and children anesthetized with halothane,
10 pg/kg atropine increases heart rate by 50% or more and pro-
motes sinus thythm.”! This dose of atropine also increases BP in
infants and children 2 years of age and older.

Halothane also sensitizes the myocardium to catecholamines,
particularly in the presence of hypercapnia and “light anesthe-
sia.””? Halothane decreases the threshold for ventricular extra-
systoles during epinephrine administration threefold.**** In
contrast, isoflurane, desflurane, and sevoflurane maintain or
increase heart rate during the early induction period of anesthe-
sia,” although a slowing of the heart rate has been reported
during sevoflurane anesthesia. When bradycardia occurs in an
anesthetized child, hypoxia must be considered first before other
causes, such as a direct drug effect (i.e., high concentration of
halothane). Isoflurane, desflurane, and sevoflurane do not sensi-
tize the myocardium to catecholamines to the same extent as
does halothane, and ventricular arrhythmias are rare.#**%4% The
mechanism by which the sinus node controls automaticity is
incompletely understood but may include K' currents,
hyperpolarization-activated current, and T and L forms of Ca**
currents.'” Moreover, developmental changes in these channels
likely account, in part, for the differential effects of inhalational
anesthetics on heart rate with age.*”!

Recent concerns of a relationship between inhalational anes-
thetics and prolonged QT interval that progressed to induce
cardiac arrest or torsades de pointes have emerged. Although the

*References 324, 339, 340, 408, 410, 424, 425, 435-437.
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ether inhalational anesthetics prolong the QTc interval (with
greater than 500 milliseconds being abnormal),””** this alone
appears to be insufficient to induce torsades de pointes. Torsades
de pointes also requires the transmural dispersion of repolariza-
tion. This is defined as the variability in the rate of repolarization
across the myocardium, from epi- to endocardium. The rate of
repolarization may be estimated by the interval in the peak to
end of the T wave on a 12-lead electrocardiogram. Evidence has
demonstrated that the risk of torsades de pointes during sevoflu-
rane anesthesia is minimal because the transmural dispersion of
repolarization is limited.*"!

Paroxysmal increases in BP (both systolic and diastolic pres-
sures) and heart rate have been reported in adults after a rapid
increase in the inspired concentration of isoflurane or desflu-
rane.*”? This occurs as a result of a massive sympathetic response,
mediated by norepinephrine and/or epinephrine, that culminates
in tachycardia and hypertension.***** Further increases in the
inspired concentration of the inciting anesthetic while attempt-
ing to attenuate the tachycardia and hypertension are ineffective
and may perpetuate or augment the response. In order to restore
vital signs to normal, the inciting anesthetic should be discon-
tinued and replaced with another anesthetic. Repetitive small
increases (1%) in the inspired concentration of the putative anes-
thetic produces transient but attenuated catecholamine bursts
and cardiovascular responses compared with larger increases in
concentration.*>*¢ Fentanyl (2 pg/kg), esmolol, and clonidine
have all been shown to be effective in preventing, attenuating,
or eliminating these responses.*”*** The origin of these responses
is unknown, although the rapidity of the response points to the
lung.*® Others, however, dispute this notion, contending that
two sites must be responsible for triggering the sympathetic
discharge; the lung and the VRG,”" with the latter mediating
the greater response.”"* Neuroexcitatory responses have not
been reported in children with isoflurane, desflurane, or
sevoflurane.”

Xenon offers an immense advantage over the ether-based
inhalational anesthetics in that it maintains circulatory stability.
This anesthetic may have a niche role when anesthetizing infants
and children with congenital and acquired heart disease. However,
the effects of xenon on the hearts in children have not been
studied. Although the MAC of xenon in adults is very large (see
Table 6-3), MAC for xenon in children may be even greater. If
the MAC exceeds the adult values, this may limit not only the
dose that may be administered to children (e.g., much less than
1 MAC) but it may limit the inspired concentration of oxygen
as well. Notwithstanding the MAC of xenon in children, this
anesthetic will certainly be much less effective in children with
cyanotic congenital heart disease, as it is the least soluble anes-
thetic and its large MAC restricts the MAC multiple that may
be administered.

Respiratory System

During spontaneous ventilation, both tidal volume and respira-
tory rate vary with the specific anesthetic, depth of anesthesia,
and nociception. The increased respiratory rate during inhala-
tional anesthesia in children has been attributed to sensitization
of the stretch receptors within the lung as well as possible central
effects. Inhalational anesthetics significantly affect respiration in
infants and children in a dose-dependent fashion via effects on
the respiratory center, chest wall muscles, and reflex responses.
Halothane depresses minute ventilation by decreasing tidal
volume and attenuating the response to carbon dioxide.”**’
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This depression is offset, in part, by an increase in the respira-
tory rate.***’ These ventilatory responses to halothane are age
dependent; minute ventilation in infants decreases to a greater
extent than in children.*® In infants and young children anes-
thetized with halothane, intercostal muscle activity is attenuated
before the diaphragm.”**** This effect is most pronounced in
preterm and full-term neonates and infants, and when a tracheal
tube is used in place of a laryngeal mask airway.”” The move-
ment of the chest and abdomen during the respiratory cycle is
one of synchronized protrusion of the abdomen and collapse
of the chest wall during inspiration (with some intercostal indraw-
ing) and indrawing of the abdomen and flattening of the chest
wall during expiration. This is commonly referred to as the
“rocking horse” movement of the chest (similar to the phenom-
enon that occurs during upper airway obstruction in infants
and children). This results in loss of FRC and is of particular
concern in infants younger than 2 years of age who have
decreased type I muscle fibers in both the diaphragm and inter-
costal muscles (see Fig. 12-11). This explains why infants fatigue
easily and why positive end-expiratory pressure is useful in this
age group. Isoflurane, enflurane, sevoflurane, and desflurane also
depress ventilatory drive, decrease tidal volume, and attenuate
the response to carbon dioxide.”>*"*%*¢ The increase in
respiratory frequency that follows respiratory depression
(decreased tidal volume) may not restore minute ventilation to
preanesthetic levels.

Sevoflurane depresses respiration to a similar extent as halo-
thane up to 1.4 MAC but depresses respiration to a greater extent
at concentrations greater than 1.4 MAC." This results from a
direct effect of sevoflurane on respiratory frequency.** Although
respiratory effort may decrease rapidly during sevoflurane or
desflurane anesthesia, their low blood solubilities and rapid wash-
out profiles in part ensure that this is a self-limiting phenomenon
during spontaneous respirations. Sevoflurane decreases the tone
of the intercostal muscles to a lesser extent than halothane.* %
The compensatory changes in respiratory rate differ among the
anesthetics; respiratory rate increases at 1.4 MAC or more with
halothane, is unchanged with isoflurane, but decreases at 1.4
MAC or less with sevoflurane and enflurane.”>*” This inade-
quate compensatory response to respiratory depression with
sevoflurane and enflurane suggests that when children are anes-
thetized with those anesthetics, spontaneous ventilation must be
monitored carefully to avoid hypopnea or apnea. Sevoflurane
maintains or decreases airway resistance in children with normal
airways, and those with asthma or a recent upper respiratory tract
infection. Insertion of a tracheal tube during sevoflurane anes-
thesia increases airway resistance without sequelae.***

Desflurane depresses respiration in children during spontane-
ous respiration at greater than 1 MAC by decreasing tidal
volume.**® However, desflurane does increase airway resistance in
children with asthma and respiratory tract infections to a greater
extent than sevoflurane.*® Desflurane is probably best avoided
in these children.

Studies of the upper airway in children anesthetized with
inhalational anesthesia have sought to explain the pathophysiol-
ogy of airway obstruction. Sevoflurane at 1 MAC causes more
upper airway obstruction than halothane.”’ In escalating doses
between 0.5 and 1.5 MAC, sevoflurane decreased the cross-
sectional area of the airway by one third, predominantly in the
anteroposterior dimension.” This effect primarily results from
pharyngeal wall collapse, which can be easily offset with positive
end-expiratory pressure (see Chapter 12).

TABLE 6-9 In Vivo Metabolism of Inhalational Anesthetics

Inhalational Agent Percent Metabolized Reference
Methoxyflurane 50 1911
Halothane 20 1912
Sevoflurane 5 486
Enflurane 2.4 1913
Isoflurane 0.2 1914
Desflurane 0.02 1915

Renal System

Potent inhalational anesthetics may affect renal function via four
possible mechanisms: cardiovascular, autonomic, neuroendo-
crine, and metabolic. Although the first three mechanisms pose
no direct threat to renal function, the fourth mechanism, meta-
bolic, is a serious clinical concern that has resulted in renal
dysfunction after inhalational anesthesia.

Inhalational anesthetics are metabolized in vivo by the CYP
isozyme system to varying extents (Table 6-9). Metabolism of
inhalational anesthetics may release both inorganic and organic
fluoride moieties.”! It is the inorganic fluoride that is released
from these ether anesthetics that has stimulated interest in renal
dysfunction after inhalational anesthesia.

Isoflurane and desflurane undergo limited metabolism in
vivo, resulting in very small plasma concentrations of inorganic
fluoride, even after 131 MAC hours of isoflurane.”? In contrast,
halothane is metabolized to a substantially greater extent but
releases most of the fluoride in an organic form, trifluoroacetate.
Trifluoroacetate has, however, been linked to halothane hepatitis
(see later discussion). The metabolism of enflurane, sevoflurane,
and methoxyflurane yields greater plasma concentrations of inor-
ganic fluoride than isoflurane. The metabolism of sevoflurane
yields both inorganic and organic fluoride moieties.”” The
organic form, hexafluoroisopropanol, is rapidly conjugated and
excreted by the kidneys* and poses no threat to humans. Peak
plasma concentrations of inorganic fluoride after exposure to
inhalational anesthetics follow a similar order to that in Table
6-9: methoxyflurane > sevoflurane > enflurane > isoflurane >
halothane ~ = desflurane.”**® In the case of methoxyflurane,
two metabolites are produced: inorganic fluoride and oxalic acid.
Both were implicated in the pathogenesis of renal dysfunction,
although, clinically, the renal injury was more consistently associ-
ated with inorganic fluoride.”” Subsequent studies demonstrated
that subclinical nephrotoxicity occurred after more than 2.5
MAC hours of methoxyflurane, provided the plasma concentra-
tion of inorganic fluoride exceeded 50 pmol/L; nephrotoxicity
occurred after more than 5 MAC hours if the concentration of
inorganic fluoride exceeded 90 pmol/L.**" These clinical con-
cemns led to the voluntary withdrawal of methoxyflurane from
clinical practice.

In contrast to adults, renal dysfunction was not a feature after
methoxyflurane anesthesia in children. The peak plasma concen-
trations of inorganic fluoride in children anesthetized with
methoxyflurane were significantly less than in adults after an
equivalent anesthetic exposure.*® The reduced plasma concentra-
tions of fluoride in children were attributed to several causes,
including a decreased metabolism of methoxyflurane, greater
uptake of fluoride by bone, increased excretion of fluoride ions,
or a reduced renal sensitivity to fluoride.*®!

That the plasma concentrations of inorganic fluoride in chil-
dren who were anesthetized with sevoflurane were similar to or



greater than those after enflurane®*** raised concerns about pos-

sible renal dysfunction after prolonged exposure. However, inor-
ganic fluoride concentrations after relatively brief anesthetics in
children are similar to those in adults: less than 20 pmol/L after
about 1 MAC hour, which decreases to less than 10 umol/L by
4 hours after discontinuation of anesthesia.*®® Nonetheless, the
peak plasma concentrations of inorganic fluoride paralleled the
MAC hour exposure to sevoflurane in both children and adults.*®*
Concerns regarding the risk of renal dysfunction after sevoflurane
were heightened after reports that the peak plasma concentration
of inorganic fluoride in some adults exceeded the purported
threshold for nephrotoxicity (50 umol/L)."*> Despite the high
plasma concentrations of inorganic fluoride after sevoflurane
anesthesia, there was no evidence of renal dysfunction. These
reports, together with a dearth of evidence in the toxicology lit-
erature, suggested that fluoride-mediated nephrotoxicity may be
independent of the plasma concentration of inorganic fluoride.

Kharasch and colleagues postulated that inhalational
anesthetic-induced nephrotoxicity might be anesthetic specific.
They determined that the primary isozyme responsible for the
degradation of enflurane, isoflurane, sevoflurane, and methoxy-
flurane anesthetics was CYP450 2E1,7"#¢*8 with secondary iso-
zymes including CYP450 2A6 and 3A.** Subsequently, they
reported large quantities of CYP450 2E1 not only within the
liver, but also within the kidneys.** They also noted that the
affinity of renal CYP450 2E1 for methoxyflurane was fivefold
greater than it was for sevoflurane.”® This provided further evi-
dence that the renal dysfunction after ether inhalational anesthet-
ics resulted from the local production of inorganic fluoride
within the renal medulla rather than extrarenal production, and
that certain anesthetics were more prone to release of inorganic
fluoride than others (e.g., methoxyflurane much more so than
sevoflurane). Because CYP450 2E1 has a greater affinity for
methoxyflurane than sevoflurane, we now understand why renal
dysfunction occurs after methoxyflurane and not after sevoflu-
rane.”®” The lack of an association between sevoflurane, plasma
inorganic fluoride concentration, and renal dysfunction in
children and adults supports this new understanding of the mech-
anism of renal dysfunction after inhalational anesthesia. Conse-
quently, the risk of renal dysfunction after sevoflurane is
independent of the duration of exposure to sevoflurane. Sevoflu-
rane does not pose any greater risk for perioperative renal disease
than other maintenance anesthetics.*”® A second theoretical cause
of sevoflurane-associated renal dysfunction is compound A, a
product of alkaline hydrolysis of sevoflurane in the presence of
carbon dioxide absorbents (see later discussion).

Hepatic System

In vivo metabolism of inhalational anesthetics varies with age,
increasing to adult values within the first 2 years of life. The
developmental changes in metabolism may be attributed to
several factors, including reduced activity of the hepatic micro-
somal enzymes, reduced fat stores, and more rapid elimination
of inhalational anesthetics in infants and children compared
with adults. Halothane, isoflurane, enflurane, sevoflurane, and
desflurane have all been associated with postoperative liver
dysfunction and/or liver failure in adults, although the relation-
ship between sevoflurane and desflurane and liver dysfunction
remains tenuous.”'** In children, halothane and sevoflurane
have been associated with transient hepatic dysfunction.***
Indeed, several pediatric cases of transient postoperative liver
failure and one case of fulminant hepatic failure and death have

Pharmacokinetics and Pharmacology of Drugs Used in Children 107

been attributed to “halothane hepatitis” that was confirmed sero-
logically with antibodies to halothane-altered hepatic cell mem-
brane antigens.*” The exact mechanism of the hepatic dysfunction
after halothane exposure remains unclear, although some clini-
cians have speculated that it is caused by an immunologic
response to a metabolite of halothane. This putative toxic metab-
olite, a trifluoroacetyl halide compound, is produced during
oxidative metabolism of halothane. It is thought that this com-
pound induces an immunologic response in the liver by binding
covalently to hepatic microsomal proteins, thereby forming an
immunologically active hapten. A subsequent exposure to halo-
thane then incites an immunologic response in the liver.*”
Hepatic enzymes may also be induced by previous administra-
tion of drugs, such as barbiturates, phenytoin, and rifampin.
Although some have admonished clinicians for administering
repeat anesthetics with halothane in children, it is our opinion
that, in view of the millions of uneventful repeat halothane
anesthetics in infants and children worldwide, insufficient evi-
dence exists to support such an admonition.

CLINICAL EFFECTS
Induction Techniques
Although the physicochemical characteristics of the ether series
of anesthetics would predict that anesthesia could be induced
smoothly and more rapidly with these agents than with halo-
thane,*®*° this has not proved to be the case. All of the ether
anesthetics (except sevoflurane) irritate the upper airway in chil-
dren, resulting in a high incidence of breath holding, coughing,
salivation, excitement, laryngospasm, and hemoglobin-oxygen
desaturation.”***>>% Clinical studies with desflurane in children
demonstrated a high incidence of breath holding, laryngospasm,
and desaturation during inhalational induction (approximately
500).%>°% As a result, a “black box” warning was issued against
the use of desflurane for induction of anesthesia in infants and
children. Before the introduction of desflurane, some advocated
inducing anesthesia in children with isoflurane.’®*" For
example, it has been suggested that the quality and speed of
induction of anesthesia with isoflurane in oxygen in infants and
children is similar to that with halothane.”” However, airway
reflexes were commonly triggered with isoflurane despite the use
of a number of strategies to attenuate them,”***!* including
slowly increasing the inspired concentration, and scented masks.
Given the smooth induction characteristics, economy, and avail-
ability of sevoflurane, there are no reasons to consider other
anesthetics for induction of anesthesia in infants and children.
In contrast to the noxious effects of the methyl ethyl ether
series of anesthetics on the airway, sevoflurane does not irritate
the upper airway and is well tolerated when administered by mask
to infants and children at any concentration.* The introduction
of sevoflurane has challenged and displaced halothane as the
induction agent of choice in children in most countries. The
incidences of coughing, breath holding, laryngospasm, and
hemoglobin-oxygen desaturation during induction with sevoflu-
rane, whether by slow incremental increases in concentration or
a single breath, are similar to those that occur during halothane
(Table 6-10). The observation that the airway reflex responses are
infrequent after a single-breath induction with 8% sevoflurane or
5% halothane casts doubt on the adage that high concentrations
of inhalational anesthetics trigger airway reflex responses.”’*”"" In
fact, the induction is so smooth with sevoflurane that adjuvants,

*References 324, 328-330, 334, 340, 436, 511-515.
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TABLE 6-10 Problems during Induction: Sevoflurane versus Halothane

SEVOFLURANE HALOTHANE
Problem No. with Problem Total % No. with Problem Total % References
Laryngospasm 21 708 3.0 20 540 3.8 324, 328, 329, 436, 513, 524, 1916, 1917
Breath holding 39 649 6.0 46 445 10.3 324, 328, 512, 513, 1916
Coughing 20 477 4.2 21 254 83 324, 328, 329, 340, 514, 1918
Induction excitement 38 375 10.1 9 21 43 324, 328, 513, 1918
Bronchospasm 2 544 0.4 2 379 0.5 324, 328, 1916
Emergence excitement 20 239 8.4 51 368 13.9 327, 328, 537, 1917, 1918

such as a premedication, concurrent use of nitrous oxide, or other
strategies to prevent airway reflex responses, are unnecessary.

Induction of anesthesia with xenon has not been studied in
children. In adults, inhalational induction with xenon at equi-
MAC with sevoflurane resulted in a more rapid induction with
stability of respirations with xenon.”® These data suggest that
xenon may be an excellent induction anesthetic in children,
provided its characteristics are upheld in well-designed clinical
trials.

There is no single ideal approach to induce anesthesia by
inhalation for all children. However, we advocate empowering
children as much as possible to minimize fear. After appropriate
preoperative preparation (involving premedication or parental
presence or distraction techniques), the child is seated on the bed
and encouraged to breathe through a face mask scented with a
favorite flavor (to disguise the plastic odor of the mask) that is
held over the nose and mouth. A fresh gas composed of 70%
nitrous oxide in oxygen is breathed (while the pop-off value is
completely open for 1 to 2 minutes). As soon as the child
becomes “silly” or ceases to respond verbally, 8% sevoflurane is
administered. Induction of anesthesia with halothane was per-
formed with stepwise increments in the inspired concentration
of 0.5% to 1.0% every three to four breaths until an adequate
depth of anesthesia was achieved. This slow increase in the
inspired concentration of halothane was thought to attenuate the
incidence of airway reflex responses, although this is not evidence
based. In fact, when a single breath vital capacity induction was
performed in children older than 6 years of age with 5% halo-
thane, the incidence of airway reflex responses was surprisingly
small.’” Initially, sevoflurane was also administered in slow incre-
ments of 1% to 1.5% until 8%, but this caused transient agitation
and involuntary movement of the extremities, frequently and
sometimes violently, particularly in adolescents.’®® This was
attributed to an exaggerated excitement phase. To minimize the
excitement phase, we recommend that the inspired concentration
of sevoflurane be increased as rapidly as possible, from 0% to 8%
in a single-step increase.””® This is based on a study of single-
breath induction with 8% sevoflurane and 5% halothane in
which the incidence of involuntary movement and need for
restraint was significantly less with sevoflurane than it was with
halothane.’ Recently, induction of anesthesia with 12% sevo-
flurane was reported to be more rapid than with 8%."" This is
not a surprising finding, although 12% sevoflurane vaporizers
should not be used in clinical practice because inspired concen-
trations of sevoflurane (in a laboratory setting) of 11% in oxygen
and 10% in nitrous oxide support combustion.

Although some studies report more rapid induction of anes-
thesia with sevoflurane than with halothane, others have not.
This inconsistency in the relative speed of induction reflects

differences in study design that likely failed to take advantage of
the 8% sevoflurane vaporizer and the differences in MAC. For
children who are unable to perform a single-breath vital capacity
induction, a rapid increase in the inspired concentration of sevo-
flurane has been a very effective alternative, with results compa-
rable to the single-breath technique.’?**'¥315

Sevoflurane does not trigger airway reflex responses either
alone or in combination with other agents, such as nitrous oxide.
One study suggested that sevoflurane is the least irritating to the
airway of all the inhalational anesthetics.’” Previous studies sug-
gested that airway irritability and excitement during sevoflurane
anesthesia were similar whether nitrous oxide was present or
absent, although others have disputed these findings.’'>**' The
lack of effect of nitrous oxide on the speed of induction in the
single-breath study was attributed to its concentration-reducing
effect on sevoflurane.’™

Although halothane has been the preferred agent for induc-
tion of anesthesia because of its lack of airway irritability, arrhyth-
mias occur more frequently during halothane than during
anesthesia with the ether anesthetics. Halothane-induced arrhyth-
mias occur more frequently during spontaneous ventilation and
in association with high levels of circulating catecholamines.
Most of these arrhythmias are unifocal or multifocal premature
ventricular beats, nodal rhythm, bigeminy, or supraventricular
arrhythmias. #0#%5% Despite their appearance, most of these
arrhythmias are benign and preserve the blood pressure; ventricu-
lar tachycardia, however, may cause hypotension. Management
of arrhythmias during halothane anesthesia includes inflating the
lungs with large tidal volumes, hyperventilation to decrease the
arterial carbon dioxide tension, increasing the concentration of
halothane if there is evidence of “light” anesthesia (i.e., sweating,
hypertension), and substituting another inhalational anesthetic
for halothane.”**** Lidocaine has no role in the treatment of
these arrhythmias because the myocardium is not intrinsically
irritable. Moreover, a rapid IV bolus of lidocaine (2 mg/kg) may
cause profound bradycardia.’” Arrhythmias are rare during anes-
thesia with the ether series of anesthetics, but when they occur
they are usually nodal in origin.* Arrhythmias during anesthesia
with the ether anesthetics are usually self-limiting, resolving spon-
taneously or with parenteral administration of an anticholinergic.
If the arrhythmias persist, then a cardiology consultation should
be sought, particularly in a child with a history of congenital
heart disease. Both IV and inhalational anesthetics have been
used for induction and maintenance of anesthesia in children
with congenital heart disease. (See cardiovascular section earlier
and Chapter 21 for a more detailed discussion.)

*References 330, 426, 427, 505, 508, 515, 524.
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Once an adequate depth of anesthesia has been achieved, it
is prudent to maintain spontaneous respirations with the maximal
inspired concentration of sevoflurane that is tolerated until IV
access has been achieved. If hypopnea or apnea occurs, then
ventilation should be assisted while avoiding hypocapnia. The
reason to recommend this practice is to prevent awareness from
occurring in the early induction period.”**** Discontinuing or
decreasing the inspired concentration of nitrous oxide or sevo-
flurane individually or together may predispose to awareness,
particularly if the child is stimulated at a light plane of anesthesia.
This may occur in situations where anesthesia is induced in one
location (induction room) and the child is then transferred to
another (operating room) without continuously supplying sevo-
flurane. Appreciating the limited solubility of nitrous oxide and
sevoflurane will help to understand how rapidly these anesthetics
egress from the body, particularly after a brief exposure. Once IV
access is established, some practitioners administer propofol or
another IV anesthetic before discontinuing the nitrous oxide to
facilitate insertion of a laryngeal mask airway or tracheal intuba-
tion. The concentration of sevoflurane can then be decreased.

Emergence
Emergence or recovery has been arbitrarily divided into early
(extubation, eye opening, following commands) and late (drink-
ing, discharge time from postanesthesia care unit or hospital).
Although most studies have demonstrated a more rapid early
recovery after less soluble anesthetics,****#!%* few have dem-
onstrated a more rapid late recovery, 4334524525

The speed of emergence and recovery from anesthesia are
discussed above. The incidence of complications, such as airway
reflex responses and vomiting during emergence from anesthesia,
after mask anesthesia or tracheal intubation, are similar with
most inhalational agents.* However, the incidence of airway
responses of any severity after desflurane were significantly
greater than after isoflurane. Moreover, the incidence of airway
adverse responses after removing a laryngeal mask airway (LMA)
deep during desflurane anesthesia was significantly greater than
was the incidence after removal of an LMA following recovery
from desflurane (awake) or after isoflurane anesthesia.’”

Emergence Delirium

Emergence delirium is defined as a dissociated state of conscious-
ness in which children are inconsolable, irritable, uncompromis-
ing, and/or uncooperative (see Videos 46-1, 46-2).**** Children
experiencing emergence delirium often demand that all moni-
tors, IV lines, and bandages be removed and that they be dressed
in their own clothing. Many of these children fail to recognize
and respond appropriately to their parents. Parents who witness
this transient state usually volunteer that this behavior is unusual
and uncustomary for their child. The core behaviors identified
as being associated with emergence delirium after anesthesia in
children include nonpurposeful action, and averting eyes or
staring.’*

Emergence delirium is not a new phenomenon, having been
reported after the introduction of almost every new anesthetic,
including most inhalational anesthetics,” and IV agents, includ-
ing midazolam, remifentanil, and propofol.**** The incidence

*References 327-329, 331, 427, 502, 503, 525, 526.
fReferences 323, 324, 327, 331, 526, 531-533.

of emergence delirium after inhalational anesthesia in children
ranges from 2% to 800p,37328:331.325.528

The prevalence of emergence delirium depends on several
factors, including the choice of inhalational anesthetic, age of the
child, adjuvant medications, presence of pain, and the scale used
for diagnosis.”®** The prevalence of emergence delirium is
similar after desflurane, sevoflurane, and isoflurane, but less after
halothane anesthesia.™®* The greatest incidence of emergence
delirium occurs in children 1 to 5 years of age.””*” Fortunately,
these episodes usually last only 10 to 20 minutes and resolve
spontaneously without sequelae. The mechanism by which emer-
gence delirium occurs remains unknown.

Emergence delirium has been reported in adults as well as
infants, although the incidence is much less in both age groups
than in children. Diagnosing emergence delirium after anesthesia
and surgery has been complicated by our inability to distinguish
it from pain. In one study, ketorolac decreased the incidence of
emergence delirium threefold to fourfold after myringotomy
with either halothane or sevoflurane anesthesia.’® Because ketor-
olac does not sedate children, it is likely that pain was confused
with emergence delirium. Subsequent studies in children dem-
onstrated that emergence delirium occurs after sevoflurane anes-
thesia even in the presence of neuraxial blocks.”***’ The
frequency of delirium is independent of the speed of awakening
from anesthesia,”**** the duration of a deep level of anesthesia,**
the duration of general anesthesia,”’’ and the presence of
parents.**

The definitive study regarding the incidence of emergence
delirium was undertaken in healthy children who required anes-
thesia for magnetic resonance imaging (MRI) and who did not
undergo surgery.”*® The incidence of emergence delirium was
twofold greater after sevoflurane than it was after halothane.

However, in most published studies, the metric used to diag-
nose emergence delirium had not been validated. To address this
deficiency, the Pediatric Anesthesia Emergence Delirium (PAED)
scale was developed.”” The threshold PAED score to diagnose
emergence delirium was thought to be greater than 10 but more
recently a value greater than 12 was suggested.””? When the PAED
scale was compared with two nonvalidated scales,” the three
appeared to be comparable, although the comparison was biased
because the PAED scale was assessed first, followed by the other
two scales (Table 6-11).

Pharmacologic interventions to treat emergence delirium
were recently summarized in a meta-analysis.*® Effective inter-

TABLE 6-11 Development and Psychometric Evaluation of the

Pediatric Anesthesia Emergence Delirium Scale

1. The child makes eye contact with the caregiver.
2. The child's actions are purposeful.

3. The child is aware of his/her surroundings.

4. The child is restless.

5. The child is inconsolable.

Items 1, 2, and 3 are reverse scored as follows: 4 = not at all, 3 = just a little, 2 =
quite a bit, 1= very much, 0 = extremely. ltems 4 and 5 are scored as follows: 0 =
not at all, 1= just a little, 2 = quite a bit, 3 = very much, 4 = extremely. The scores
of each item were summed to obtain a total Pediatric Anesthesia Emergence
Delirium (PAED) scale score. The degree of emergence delirium increased directly
with the fotal score.

From Sikich N, Lerman J. Development and psychometric evaluation of the pedi-
atfric anesthesia emergence delirium scale. Anesthesiology 2004;100:1138-45.
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ventions included fentanyl,”** ketamine,”” a propofol infusion
or a bolus at the end of anesthesia, clonidine,’***" and dexme-
detomidine.’* In contrast, a single dose of propofol at induction
of anesthesia, midazolam, and flumazenil were not effec-
tive.**3%% Additional studies using assessment with a validated
delirium scale are needed to clarify the contribution of anesthet-
ics to emergence delirium during pain-free surgery.

Neuromuscular Junction

All inhalational anesthetics potentiate the actions of nondepolar-
izing muscle relaxants®*** and decrease neuromuscular transmis-
sion,” the latter, however, only at increased concentrations. The
mechanism of the reduced neuromuscular transmission is
unknown but is likely attributable to actions of these anesthetics
at the synaptic junction rather than PK or CNS effects. The
potentiation of action of nondepolarizing relaxants follows the
order: isoflurane ~ desflurane ~ sevoflurane > enflurane > halo-
thane > nitrous oxide-opioid technique.”"*** However, this
potentiation may depend on the type of nondepolarizing relax-
ant studied (longer-acting relaxants are affected to a greater extent
than intermediate-acting relaxants)*****>%* and the concentration
of anesthetic (reduced concentrations may yield small or no dif-
ferences between anesthetics, whereas greater concentrations may
demonstrate substantive differences).”” In two parallel studies of
atracurium infusions in children,® halothane and isoflurane
decreased the atracurium requirements similarly in the first,
whereas enflurane markedly decreased the requirements com-
pared with halothane in the second. These observations suggest
that inhalational anesthetics potentiate intermediate-acting relax-
ants as they do long-acting relaxants.

Malignant Hyperthermia

All potent inhalational anesthetics, except xenon,”® trigger malig-
nant hyperthermia (MH) reactions in susceptible adults and
children.”***"* Studies indicate that the relative capabilities of the
four inhalational anesthetics to augment caffeine-induced con-
tractures in MH-susceptible muscle in vitro are halothane >
enflurane > isoflurane > methoxyflurane.”* Using the surrogate
marker of the time interval from administration of anesthesia
until a reaction was detected to estimate the relative potency of
the modern anesthetics to trigger MH, the order was halothane
> sevoflurane > isoflurane ~ enflurane.”” Currently, all inhala-
tional anesthetics should be avoided in children who are MH
susceptible (see Chapter 40).

The wash-out of inhalational anesthetics from anesthetic
machines before anesthetizing a child with MH requires an
understanding of the PK of these anesthetics in the specific
anesthetic workstation. See Chapter 40 for a full discussion.
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Stability and Toxicology of Breakdown Products
Inhalational anesthetics may be degraded via several pathways in
the presence of most CO, absorbents to form several potentially
toxic byproducts. Enflurane, isoflurane, and desflurane (but not
halothane and sevoflurane) react with desiccated soda lime to
produce carbon monoxide. Halothane and sevoflurane react with
soda lime to yield several organic compounds that are potentially
organ toxic. In contrast, xenon is completely inert with CO,
absorbents, thereby posing no risk from the genesis of metabo-
lites or degradation products in humans.

Two strategies to address the clinical risks associated with the
degradation of ether inhalational anesthetics are molecular
sieves’ and new CO, absorbents.”””” While molecular sieves

were thought to have great promise, they have not reached the
market for clinical use. In contrast, a number of new CO, absor-
bents have been developed to absorb CO, from the breathing
circuit without degrading inhalational anesthetics to carbon
monoxide and compound A (E-Table 6-2).”*" The previous
generation of CO, absorbents differed in their composition and,
therefore, in their affinity to degrade inhalational anesthetics.
Soda lime contained 95% calcium hydroxide, either sodium or
potassium hydroxide, and the balance as water. Baralyme, which
is no longer available, contained 80% calcium hydroxide, 20%
barium hydroxide, and the balance as water. E-Table 6-2 com-
pares the compositions of the older with the newer CO, absor-
bents, which do not contain a strong base. Most recently, Amsorb
Plus and Drigersorb Free were formulated for minimal degrada-
tion of inhalational anesthetics, as well as to address efficient
CQO, absorption.’®

Carbon monoxide may be produced when a methyl ethyl
ether inhalational anesthetic is incubated with a desiccated CO,
absorbent (most commonly soda lime or Baralyme). The absor-
bent within a CO, canister may become desiccated if dry fresh
gas flows through the canister at a rate sufficient to remove most
of the moisture (i.e., more than 5 L/min continuously through
the absorbent canister for 24 hours or longer while it is not in
service). If the circuit reservoir bag is detached from the canister
while fresh gas is flowing, then fresh gas may flow retrograde
through the canister and exit primarily where the reservoir bag is
normally placed. This cannot occur in anesthetic machines in
which the fresh gas enters distal to the inspiratory flow valve. If
the fresh gas flows retrograde through the canister for a sufficient
time, it desiccates the absorbent and increases the risk of degrada-
tion of subsequently administered inhalational anesthetics. If one
of the methyl ethyl ether inhalational agents (desflurane, isoflu-
rane, or enflurane) is administered through a desiccated absor-
bent, carbon monoxide may be generated.”**"**2 The magnitude
of the carbon monoxide production for a specific absorbent
follows the order: desflurane = enflurane > isoflurane >> halo-
thane = sevoflurane. Other factors that determine the magnitude
of the carbon monoxide concentration produced include the
concentration of the inhalational agent, the dryness of the absor-
bent, the type of absorbent (Baralyme > soda lime > newer
absorbents), and the temperature of the absorbent.” As the
newer absorbents reflect, the removal of the strong alkalis, NaOH
and KOH, which are essential for the production of carbon
monoxide, virtually eliminates this risk (E-Table 6-3).*

Small concentrations of carbon monoxide (up to 18 ppm)
have been detected in children who were anesthetized with des-
flurane or sevoflurane using fresh carbon dioxide absorbent that
includes KOH and NaOH.** Carbon monoxide concentration
correlated well with the fresh gas flow to minute ventilation ratio
(less than 0.68) and weakly with the type of anesthetic agent
(desflurane) and age.’® Carbon monoxide has been detected in
concentrations up to 3 ppm during and after anesthesia, even
spinal anesthesia.” One may question whether a minimum fresh
gas flow with desflurane and other nonsevoflurane anesthetics is
warranted. The presence of carbon monoxide in the exhaled
breath has been attributed to heme metabolism, inflammation,
and sepsis, although the authors did not use fresh soda lime in
their breathing circuits.’®

Carbon monoxide is not detectable by any freestanding anes-
thetic agent analyzers, pulse oximetry, or blood gas analyzers
(with the exception of co-oximeters), although it is detectable by
mass spectrometry. A carbon monoxide analyzer is currently
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E-TABLE 6-2 Compositions of Carbon Dioxide

Absorbents Tested
Co, Ca(OH), KOH NaOH LiOH
Absorbent (%) (%) (%) (%)
Dragersorb 82 0.003 2 —
800 Plus
Medisorb 8l 0.003 3 — 16
Spherasorb 84.5 0.003 15 — 14
Amsorb 83.2 — — — 14.4
Loflosorb 84 — — — 16
Superia 79.5 — — — 17.5
Lithium — — — 99 1
hydroxide

E-TABLE 6-3 AUCs (ppm min) of CA and CO Based on the Mean
Concentrations from the Duplicate Experiments of
Each Desiccated and Normally Hydrated CO,

Absorbent Used in Combination with
Sevoflurane 0.8%

Absorbents obtained from Drager, Lubeck, Germany (Dragersorb 800 Plus), Datex-
Ohmeda, Hoevelaken, The Netherlands (Medisorb, Superia), Intersurgical, Uden,
The Netherlands (Spherasorb, Loflosorb), Armstrong, Coleraine, Northern Ireland
(Amsorb) and Chem2000, Delft, The Netherlands (lithium hydroxide). Amsorb
contains 2.4% other chemicals, such as polyvinylpyrrolidine, calcium chloride, and
calcium sulfate. Superia contains 3% other chemicals, such as magnesium chloride
and aluminosilicates.

Reproduced with permission from Keijzer C, Perez RS, de Lange JJ. Compound A
and carbon monoxide production from sevoflurane and seven different types of
carbon dioxide absorbent in a patient model. Acta Anaesthesiol Scand
2007;51:31-7.

CO, Absorbent AUC-CA-d AUC-CA-f AUC-CO-d AUC-CO-f
Dragersorb 800 Plus 351 1695 4516 0
Medisorb 327 1228 1452 0
Spherasorb 294 301 1866 0
Loflosorb 0 0 0 0
Superia 0 0 0 0
Amsorb 2937 0 0 0
Lithium hydroxide 396 0 0 0

Reproduced with permission from Keijzer C, Perez RS, de Lange JJ. Compound A
and carbon monoxide production from sevoflurane and seven different types of
carbon dioxide absorbent in a patient model. Acta Anaesthesiol Scand 2007;51:
317.

AUCs, Areas under the curve; CA, compound A; CO, carbon monoxide; CO,, carbon
dioxide; d, desiccated absorbent; f, normally hydrated absorbent.



marketed for use during anesthesia. The solution to this problem
is prevention: turn off the anesthetic machine at the end of the
day, disconnect the fresh gas hose to the absorbent canister,
always have the reservoir bag connected to the canister, and avoid
passing desflurane, enflurane, and isoflurane through a desic-
cated absorbent. Others have suggested that high-flow anesthesia
should be avoided whenever a circle circuit is used to prevent
inadvertent desiccation of absorbent. If the absorbent is desic-
cated, some have suggested “rehydrating” the absorbent, although
this, too, is fraught with potential problems (including clumping
of the absorbent).’® If there is suspicion that the absorbent is
desiccated, we strongly recommend replacing the absorbent
before introducing an inhalational anesthetic. Alternatives to
conventional absorbents, such as the molecular sieve and the
newer absorbents, may very well obviate degradation of the ether
anesthetics, provided the absorbent is not dessicated.”>*7¢>7%7
When methyl ethyl ether anesthetics are incubated with desic-
cated Amsorb, carbon monoxide is not produced, although it
may be produced with other desiccated absorbents (see E-Table
6-3).”>57% The incidence of carbon monoxide poisoning during
anesthesia remains extremely rare even when soda lime is used
as the absorbent. In contrast, the potential for carbon monoxide
poisoning is zero if Amsorb or one of the absorbents that does
not include strong metal alkali is used.

Halothane is degraded in the presence of carbon
dioxide absorbents to the unsaturated vinyl compound,
2-bromochloroethylene, which is lethal in mice.”® Although
2-bromochloroethylene is potentially nephrotoxic, it poses very
little risk in humans, even under low flow conditions, because
its maximal concentration in the circuit is less than 3% of its
lethal concentration.’®

Sevoflurane is both absorbed and degraded via the Canniz-
zaro reaction in the presence of absorbent, resulting in five
degradation products.”®*** Although the degradation of sevoflu-
rane by the absorbent was initially posited to delay its wash-in,
evidence suggests that this effect is trivial.””! Of the five degrada-
tion products produced when sevoflurane is degraded in either
soda lime or Baralyme, compounds A and B appear in the great-
est concentrations. Compound A, fluoromethyl-2,2-difluoro-1-
(trifluoromethyl)vinyl ether (also known as PIFE), is nephrotoxic
in rats at concentrations of 100 ppm or greater, and has a lethal
concentration (LCsp) of 1100 ppm. Compound B, a methoxy-
ethyl ether compound that is minimally volatile at room tem-
perature, is present in closed circuits at less than 5 ppm and poses
no serious risk to animals or humans. The remaining three metab-
olites, compounds C, D, and E, are present in such low concen-
trations in the breathing circuit that they are inconsequential. In
a low-flow closed circuit model with an inspired concentration
of 2.5% sevoflurane, the concentration of compound A peaks at
20 to 40 ppm after several hours of anesthesia.’”’** In children,
compound A concentrations reach 16 ppm after 5.6 MAC hours
of sevoflurane in a semi-closed circuit with 2 L/min fresh gas
flow.”® Factors that are known to increase the production of
compound A include an increase in the inspired concentration
of sevoflurane, Baralyme greater than soda lime, and an increase
in the temperature of the absorbent.””***! The newer formulation
of CO, absorbents degrade sevoflurane to a lesser degree com-
pared with the previous absorbents (see E-Table 6-2 and E-Table
6-3). As in the case of carbon monoxide production, monovalent
bases are important ingredients for the degradation of sevoflu-
rane to compound A and their absence reduced the extent of
degradation of sevoflurane.”**” In rats under low flow
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conditions, compound A is nephrotoxic.’**** In contrast, studies
in humans have been far from conclusive.””****! Commonly
used indicators, such as albuminuria, have yielded inconsistent
evidence of renal dysfunction.”**>¢*! One mechanism to explain
compound A-induced nephrotoxicity is the B-lyase-dependent
metabolism to nephrotoxic fluorinated compounds. However,
this has been the subject of intense debate.®”**™ If compound
A-associated nephrotoxicity were proven to depend on the
B-lyase metabolic pathway, the limited concentration of this
enzyme system in the renal cytoplasm and mitochondria of
humans would make nephrotoxicity an unlikely outcome.
Indeed, the inconsistency in the evidence of nephrotoxicity asso-
ciated with compound A between rats and humans has been
attributed to an 8- to 30-fold greater concentration of B-lyase in
rats compared with that in humans.®” To date, there have been
no complications related to compound A and kidney damage in
humans.

At the present time, sevoflurane is the only inhalational agent
for which authorities have recommended a minimum fresh gas
flow when it is administered in a closed circuit with soda lime
or Baralyme. The minimal fresh gas flow is 2 L/min, although
this has been adopted in a limited number of countries.

Nitrous Oxide

Nitrous oxide confers several properties that differ substantively
from the potent inhalational anesthetics that merit consideration.
Nitrous oxide has a very limited solubility in blood, Agioodgas
being 0.47. The MAC for nitrous oxide is 104% in adults; MAC
has not been determined in children. Its chemical structure is
N-N-O.

Nitrous oxide diffuses into gas cavities that are filled with
nitrogen more rapidly than nitrogen egresses because it is 34
times more soluble in blood than nitrogen (Apiood/gs for nitrogen
0.014). Consequently, the volume of the cavity expands. However,
the magnitude of the increase in the volume of the cavity
depends, in part, on the concentration of nitrous oxide admin-
istered, as determined by the formula 100/(100 — %N,0). The
rate at which the cavity expands also depends on the source of
the blood supply: those cavities in which the blood supply
decreases as the volume of the cavity increases (e.g., a loop of
obstructed bowel) will expand slower and to a smaller overall
volume than a cavity in which the blood supply is independent
of the cavity volume (e.g., a pneumothorax). By using a model
of these conditions the time to double the volume of a loop of
obstructed bowel with nitrous oxide was estimated to be 120
minutes, whereas the time to double the volume of a pneumo-
thorax was one tenth, or 12 minutes.®”® Any gas-filled cavities
within the body are vulnerable for expansion if nitrous oxide is
administered, including obstructed bowel,*” pneumothorax, gas
cavities within the eye, endotracheal tube cuffs,” laryngeal mask
airways,””*® bubbles in veins,””’ and pneumoencephalography.*"’
Theoretically, nitrous oxide should be avoided during laparo-
scopic surgery, to avoid expanding CO, bubbles that reach the
venous circulation (see Chapter 27).

Inhalational anesthetics confer a very low risk for postopera-
tive nausea and vomiting. In contrast, nitrous oxide is considered
to be an emetogenic anesthetic. In a large meta-analysis of the
impact of nitrous oxide on the incidence of postoperative nausea
and vomiting in adults, the authors determined that for emeto-
genic surgery, eliminating nitrous oxide was salutary (number
needed to treat of six) whereas for nonemetogenic surgery there
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was no benefit from omitting nitrous oxide.®’' Hence, avoiding
nitrous oxide in surgery that is emetogenic is reasonable. However,
the authors of that study also reported that the number needed
to harm, in the form of intraoperative awareness when nitrous
oxide was omitted from the anesthetic, was 46, or more than 2%!
Hence, omitting nitrous oxide from the anesthetic prescription
requires very careful consideration, assessment, and monitoring
for awareness.

A number of studies investigated the contribution of nitrous
oxide to postoperative vomiting in children. Although there is
some evidence that avoiding nitrous oxide reduces the incidence
of postoperative vomiting in children,*’? the preponderance of
evidence shows no benefit.**'” In part, this may be attributed
to the multiplicity of factors that contribute to postoperative
vomiting, as well as the salutary effects of other factors, such as
the use of propofol and/or antiemetics. In none of the studies in
which nitrous oxide was omitted in children was awareness
reported.

The inclusion of nitrous oxide in remifentanil-propofol anes-
thesia in children has been associated with a reduction in post-
operative hyperalgesia.®'®

Environmental Impact

Currently, the National Institute for Occupational Safety and
Health (NIOSH) recommendations limit the chronic exposure
to nitrous oxide to 25 ppm and to inhalational anesthetics to
10 ppm. The basis for these recommendations is uncertain but
may be attributed to the risk of teratogenicity and end-organ
dysfunction. In pediatric anesthesia, mask anesthesia and/or
uncuffed tracheal tubes and laryngeal mask airways in children
leak inhalational anesthetics into the environment. As a result
there is local exposure to inhaled anesthetics during anesthesia
in children that should be considered.

Concern over the pollution of the stratosphere and ozone
layer depletion by polyhalogenated anesthetics has raised further
questions for the long-term use of these agents and the need
to fully recycle or adsorb the waste gases.®’” The polyhalogenated
compounds are produced in extremely low concentrations; and
although they have a high molecular weight, atmospheric winds
likely facilitate their transfer to the stratosphere, where they do
harm to the ozone layer. However, the most compelling data
of their limited impact on the environment relate to their half-
lives. The half-lives of these polyhalogenated anesthetics in the
stratosphere are approximately 5 years. Contrast these to nitrous
oxide, a compound with a very small molecular weight (in
comparison with potent inhalational anesthetics), which is
administered in high concentrations (50% to 70%) and which
has a half-life in the stratosphere of 120 years! Nitrous oxide
is a known greenhouse gas and depletes the ozone layer. The
case for banning the polyhalogenated anesthetics pales in com-
parison with the enormous potential environmental impact of
nitrous oxide. Although nitrous oxide is a serious greenhouse
pollutant, agriculture and industry account for the vast majority
of the nitrous oxide released into the atmosphere, with medical
sources accounting for a trivial, unidentified fraction.®”® Highly
efficient scrubbers and absorbers are being developed to prevent
atmospheric pollution and recycle expensive anesthetics (e.g.,
xenon) but their use remains experimental at this time. To pre-
serve the ozone layer, all anesthetic practices should limit the
fresh gas flow and concentration of polyhalogenated anesthetics
and nitrous oxide.

Oxygen

The concentration of oxygen for each anesthetic should be
carefully titrated to the child’s needs. Requirements are moni-
tored by inspired oxygen concentration measurement, oxygen-
hemoglobin saturation (pulse oximetry), and arterial blood gas
determinations. Oxygen is often liberally administered in excess
of the child’s metabolic needs. However, potential dangers in this
excess should be noted,**! particularly in two areas: (1) Pulmonary
oxygen toxicity is well documented; despite the fact that it devel-
ops slowly, general recommendations are to use an air/oxygen
combination for prolonged procedures when nitrous oxide is
contraindicated.” (2) Of additional concern is the remote pos-
sibility of adverse effects on the immature neonatal retina leading
to retinopathy of prematurity (ROP).**%* Several cases of ROP
have been reported in infants whose only known exposure to
supplemental oxygen occurred in the OR; it should be noted
that no new cases related to OR management have been reported
since 1981!*%¢ Many factors contribute to the development of
ROP; it has been reported in children with cyanotic congenital
heart disease, infants not exposed to exogenous oxygen, and even
in stillborn infants.””**® A possible relationship of the develop-
ment of ROP to arterial carbon dioxide variations, hypercarbia,
hypotension, candida sepsis, inflammatory response, red blood
cell transfusions, corticosteroid therapy, duration of ventilation,
elevated blood glucose values, low gestational age, chronic lung
disease, a deficiency of insulin-like growth factor, and vascular
endothelial growth factor, as well as hypoxemia and fluctuating
levels of oxygen, have all been suggested.*** Other factors, such
as exogenous bright light, maternal diabetes, maternal chorioam-
nionitis, and maternal antihistamine use within 2 weeks of deliv-
ery, have been found to be risk factors; the evidence for vitamin
E deficiency is less convincing.®®*** The possibility of a genetic
predisposition, that is, a genetic polymorphism altering control
of neovascularization, has also been proposed.®****¢% The use of
continuous transcutaneous oxygen tension monitoring was not
found to reduce the risk of ROP in infants weighing less than
1000 g, compared with controls.®” It appears the major risk factor
for developing ROP is extreme prematurity; oxygen therapy repre-
sents only part of this complex problem.**>**** The incidence of ROP
is predominantly limited to infants weighing 1000 g or less, but
it is a concern in infants with a birth weight less than 1500 g
born at less than 28 weeks gestation.®**” It should be noted that
new treatments may involve systemic administration of propran-
olol (improves neovascularization) and intravitreal injections of
anti-vascular endothelial growth factors are being examined;
both these treatments may have anesthetic implications.®”*** The
evidence implicating hyperoxia as contributing to the develop-
ment of ROP must be recognized but placed in perspective.
Although it was thought that tight control of oxygen saturation
and minimizing exposure to exogenous oxygen would reduce the
incidence of ROP,” a multicenter study, the Supplemental Ther-
apeutic Oxygen Prethreshold Retinopathy of Prematurity study
(STOP-ROP), failed to support that hypothesis.”* In fact, the
conclusion reached stated, Although the relative risk-benefit of sup-
plemental oxygen for each infant must be individually considered, clini-
cians need no longer be concerned that supplemental oxygen, as used in
this study, will exacerbate active prethreshold ROP.”** This study sug-
gests that anesthesiologists should take practical precautions to
protect an infant’s retinas from hyperoxemia without unneces-
sarily endangering the infant. No comprehensive epidemiologic
studies have yet examined anesthetic risk factors, but, given the



many cofactors that are associated with this entity, it appears that
anesthesia management, although very important, is a small piece
of this puzzle.

Bearing in mind the possible role of hyperoxia and hypercar-
bia, intraoperative management must include careful monitoring
of inspired oxygen and expired carbon dioxide concentrations.
Maintaining the oxygen saturation at 93% to 95% results in a
Pa0, of approximately 70 mm Hg, with values exceeding 80 mm
Hg on occasion.®”**>¢7® Unfortunately, individual oximeters may
vary considerably in terms of their accuracy, so practitioners must
be familiar with their equipment.”’ The use of air blended with
oxygen can be used to further reduce the inspired oxygen con-
centration. A transport system equipped with an air-oxygen
blender is desirable to continue the titration of oxygen therapy
from the OR to the ICU. (When using portable oxygen tanks,
a good rule of thumb to determine the capacity of an E-cylinder
is as follows: the minutes of oxygen delivery left in the tank =
pounds of pressure [in pounds per square inch] x 0.3 divided
by gas flow [in liters per minute].) While avoiding hyperoxia,
one must never lose sight of the importance of avoiding hypox-
emia; hypoxemia is life-threatening whereas hyperoxia is not. One
cannot be faulted if ROP should occur, provided a reasonable
and safe approach to oxygen administration and ventilation has
been made.

Intravenous Anesthetic Agents

The anesthetic effects of IV agents are primarily reflected by brain
concentrations; to achieve anesthesia, it is necessary to obtain an
adequate cerebral blood concentration. Each drug administered
is rapidly redistributed from vessel-rich well perfused areas (brain,
heart, lung, liver, and kidneys) to muscle, and finally to vessel-
poor less well perfused areas (bone, fat). Thus, termination of the
effect of a single drug dose is primarily determined by redistribu-
tion. The much slower tertiary distribution to relatively under-
perfused tissues of the body is noted with long-term drug
infusions. Protein binding, body composition, cardiac output,
distribution of cardiac output, metabolism, and excretion all alter
the PK and PD of IV drugs. Anesthetic depth may be altered if
a constant cerebral blood level is not maintained. The changes
in body composition and the blood-brain barrier that occur
during maturation may also greatly affect the duration of action
of IV drugs, especially in neonates. In addition to perinatal cir-
culatory changes (e.g., ductus venosus, ductus arteriosus), there
are maturational differences in relative organ mass and regional
blood flow while a symptomatic patent ductus arteriosus may
also result in differences in distribution. Blood flow, as a fraction
of the cardiac output, to the kidney and brain increases with age,
whereas that to the liver decreases through the neonatal period.””®
Cerebral and hepatic mass, as proportions of body weight in the
infant, are much greater than in the adult.””” Whereas onset times
are generally faster for neonates than adults (a size effect), reduced
cardiac output and cerebral perfusion in neonates means that the
expected onset time after an IV induction is slower in neonates,
although reduced protein binding may counter this observation
for some drugs. Offset time is also delayed because redistribution
to well-perfused and deep under-perfused tissues is more limited.

BARBITURATES

Methohexital

Methohexital (Brevital) is a short-acting barbiturate for the
IV induction of anesthesia (1 to 2 mg/kg). Administered
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intravenously as a 1% solution (10 mg/mL), it produces pain at
the injection site; hiccups, apnea, and seizure-like activity may
also be occasionally observed.®**! Methohexital has minimal
effects on cardiovascular function (increased heart rate) in chil-
dren.®? Methohexital may be contraindicated in children with
temporal lobe epilepsy.®® Slow IV titration averts apnea. A pos-
sible advantage of methohexital (clearance 0.76 L/min/70 kg)
over thiopental (clearance 0.24 L/min/70 kg) is that its mature
rate of metabolism is greater while the volumes of distribution
at steady state are similar (170 L/70 kg),*** suggesting a more
rapid recovery when large doses have been administered.®*>*¥
Anesthesia is achieved at plasma concentrations of 3.12 +
0.99 mg/L.5%

Rectal methohexital in a 10% solution (20 to 30 mg/kg) is a
safe and atraumatic method of induction with an acceptably
small incidence of undesired adverse effects (hiccups 13%, def-
ecation 10%),*” although this technique is no longer commonly
used. It was particularly suited for brief radiologic procedures,
such as computed tomographic scans, with a single rectal admin-
istration of a 10% solution (100 mg/mL given through a well-
lubricated catheter), as well as for minor outpatient surgery.****"!
Absorption by this route is quite variable and may account for
an occasional child with prolonged or rapid onset of seda-
tion.*>¢*? This technique and dosage have been used safely in
children from 3 months to 6 years of age. It is a useful adjunct
to induction of anesthesia in older cognitively impaired children,
or in those who are excessively fearful of the anesthesia mask or
an IV needle. It is also an alternative for children who are still in
diapers and who are not candidates for other premedicants, such
as midazolam (e.g., a child taking erythromycin).****

Oxygen desaturation occurs in approximately 4% of cases
and is usually related to airway obstruction; this is generally
readily corrected by repositioning the head.®®”*” Methohexital
should be administered only under the supervision of a physi-
cian trained in airway management to ensure adequacy of the
airway and ventilation, because airway obstruction, seizures, or
apnea may rarely occur.”® Children must not be left unobserved afier
administration.

Thiopental

The most likely mechanism of action of thiopental is via binding
to GABA, receptors, which increases the duration of GABA-
activated chloride channel opening. The median effective dose
(EDsp) of thiopental varies with age: 3.4 mg/kg in neonates,
6.3 mg/kg in infants, 3.9 mg/kg in children aged 1 to 4 years,
4.5 mg/kg in children 4 to 7 years, 4.3 mg/kg in children 7 to
12 years and 4.1 mg/kg in adolescents aged 12 to 16 years.*¢*
Children aged 13 to 68 months given rectal thiopental (44 mg/
kg) 45 minutes prior to surgery were either asleep or adequately
sedated with plasma concentrations above 2.8 mg/L.*” The
effect-site concentration of thiopental for induction of anesthesia
in neonates may be less than that in infants because the neonate
has relatively immature cerebral cortical function, rudimentary
dendritic arborization, and relatively few synapses.”

The hypotensive response in neonates given thiopental
appears not as dramatic as that associated with propofol, although
it still may occur with reversion to fetal circulation.”"”"* Thio-
pental has little direct effect on vascular smooth muscle tone.
Cardiovascular depression is centrally mediated by inhibition of
sympathetic nervous activity and direct myocardial depression
through effects on transsarcolemmic and sarcoplasmic reticulum
calcium flux. Although doses of 6 mg/kg have been given as



N4 A Practice of Anesthesia for Infants and Children

premedication before intubation in term infants without physi-
ologic consequences,”” the mean dose required for satisfactory
induction in neonates is less, at 3.4 + 0.2 mg/kg.*”

The duration of the clinical effect of thiopental depends
primarily on redistribution rather than metabolism (10% per
hour). As a result, repeated doses of thiopental may accumulate,
causing prolonged sedation. Children 5 months to 13 years of
age, however, metabolize thiopental almost twice as rapidly as
adults when expressed as per kilogram (see E-Fig. 6-3).*7% The
elimination half-life of thiopental in neonates is greater than that
in adults and children”* because of the reduced clearance in
neonates. Clearance, expressed using a ¥ allometric model, at
26 weeks PMA was 0.015 L/min/70 kg and increased to 0.119 L/
min/70 kg by 42 weeks PMA.”” Maturation of the CYP2C19
pathway increases rapidly after birth in term neonates”’ and
the mature clearance of 0.24 L/min/70 kg is achieved within
3 months of age.

Acute tolerance to thiopental, well demonstrated in adults,
may also occur in children.”"! A total IV dose of 10 mg/kg is
generally the upper limit; however, with this dose, it is common
to have a prolonged period of sedation after brief surgical proce-
dures. Thiopental is a weak vasodilator and a direct myocardial
depressant; both of these effects may cause significant systemic
hypotension in the hypovolemic state (e.g., dehydration resulting
from prolonged fasting or trauma).”*?

Thiopental in a 10% solution (20 to 30 mg/kg) may also be
used for induction of anesthesia by rectal instillation when
methohexital is contraindicated (temporal lobe epilepsy).*®® The
period of sedation may be longer for thiopental than for metho-
hexital, partly because of the reduced rate of metabolism.””

Thiopental has also been used in the pediatric critical care
setting as a continuous high-dose infusion (approximately 2 to
4 mg/kg/hr) to control intracranial hypertension. Monitoring the
blood concentration of thiopental may be useful during such
therapy to avoid depressing myocardial function. The elimina-
tion half-life of thiopental after a continuous infusion may be
markedly prolonged compared with that after a single bolus (11.7
vs 6.1 hours).”””" These findings may, in part, be attributed to
the underlying illness, intercurrent drug treatment, and zero-
order kinetics at higher concentrations (Michaelis constant
28.3 mg/L)™*"™

PROPOFOL

Propofol (Diprivan) is a sedative-hypnotic agent useful for both
the induction and maintenance of anesthesia.””® Diprivan is for-
mulated with 1% propofol, 10% soybean oil, 1.25% egg yolk
phosphatide (ovolecithin), 2.25% glycerol, EDTA (ethylenedi-
aminetetraacetic acid), and sodium hydroxide to maintain a pH
of 7.0 to 8.5. This formulation has a white milky appearance
because it is a lipid macroemulsion with average droplet size of
0.15 to 0.3 umol/L (where 5 to 7 wmol/L is required to pass
through capillaries).”"® These droplets remain distinct in suspen-
sion owing to the negative surface charges on the phosphate
moieties in the ovolecithin phospholipids in the aqueous outer
layer. These droplets may coalesce if the negative surface charges
on the emulsion droplets dissipate, which is a slow, naturally
occurring process, but which may also be precipitated by physical
maneuvers (freeze-thawing, high temperatures, or agitation) or by
changes in the chemical composition of the emulsion, such as
by decreasing pH or the addition of electrolytes (i.e., sodium,
potassium, calcium, or magnesium) or medications (i.e., lido-
caine [see later discussion]).””® Soybean oil is composed of

long-chain triglycerides (LCT), defined by the 12 to 22 carbon
atoms in their skeletons: linoleic acid (54%), oleic acids (26%),
linolenic acid (7.8%), and stearic acid (2.6%). EDTA was added
to Diprivan after 1998 as an antimicrobial agent. Generic formu-
lations of propofol are available; these contain sulfites or metabi-
sulfite as the antimicrobial agent.

Propofol is a highly lipophilic drug that is rapidly distributed
into vessel-rich organs, accounting for its rapid onset and useful-
ness as an induction agent. Termination of this effect is achieved
by the combination of rapid redistribution and rapid hepatic and
extrahepatic clearance.”"””"” The rapidity of the redistribution
from vessel-rich organs accounts for its brief action and the need
for repeated small boluses or a constant infusion to maintain a
stable plane of anesthesia and sedation. PK studies demonstrated
a larger Vdss (9.7 L/kg) in children compared with adults, and
more rapid redistribution, but a clearance (34 mL/min/kg) that
is similar to or greater than that reported in adults.”*”* Clear-
ance, standardized to a 70 kg person using allometry, is immature
in preterm neonates (0.4 L/min/70 kg at 30 weeks PMA); there
is rapid maturation around term (1 L/min/70 kg), achieving 90%
of mature clearance (1.8 L/min/70 kg) by 5 months postnatal age
(see Fig. 6-10)."7*77 Clearance is limited by the hepatic blood
flow and is consequently reduced in children in low cardiac
output states.”” Although interindividual variability in the PK in
neonates is large, the reduced clearance suggests that recovery
after propofol in neonates may be prolonged and that repeat
doses may not be required as frequently as in older children and
adults. Propofol is conjugated to a water-soluble glucuronide in
the liver and excreted in the urine.”” Propofol also undergoes
extrahepatic metabolism (in lung, kidney), as evidenced by
the similar PK in infants with biliary atresia and healthy
controls.””

Although measuring the concentration of propofol in blood
has been the sole means to assess its disposition in vivo, alternate
noninvasive techniques have been sought to provide online mea-
surements. Mass spectrometry of the exhaled breath from adults
and children, a technique that is similar to end-tidal gas monitor-
ing of inhalational anesthetics, has proven to provide stable
estimates of the concentration of propofol in blood.”*”! It may
soon be possible to guide administration of propofol in the OR
by the measurement of expired propofol.”**"*3

In children who have not been premedicated, the dose of
propofol required for loss of the eyelash reflex generally increases
with decreasing age.”*"*® The EDs, for loss of the eyelash reflex
in infants (1 to 6 months) is 3 = 0.2 mg/kg, which decreases in
children (1 to 12 years) to 1.3 to 1.6 mg/kg, and increases in older
children (10 to 16 years) to 2.4 £ 0.1 mg/kg. A more linear
decrease in propofol dosing with increasing age between infants
and children 12 years of age was determined in Chinese chil-
dren.”” A 10% decrease in the propofol dose for the EDys
between children younger than age 2 years, 2 to 5 years, and 6
to 12 years was noted. The EDyj s for loss of eyelash reflex for
all age groups is 50% to 75% greater than the EDs,.”**" Larger
doses may be required for acceptance of the face mask.”*”* The
dose of propofol in neonates has not been clearly established. In
one study, a dose of 2.5 mg/kg permitted tracheal intubation in
the majority of neonates, although the exact dose used was not
specified.”* Successful insertion of an LMA in unpremedicated
children requires an even larger dose of propofol (5.4 mg/kg [4.7
to 6.8 mg/kg, 95% confidence interval]).”! After induction of
anesthesia with sevoflurane and nitrous oxide, excellent condi-
tions for tracheal intubation are achieved with 1.5 to 2 mg/kg in



children.”*”* Propofol is widely used as a continuous infusion
or in intermittent doses in children undergoing brief radiologic
procedures, during medical procedures, such as oncology and
gastroenterology, and for children with MH.*77™ Although
early evidence suggested that 100 ug/kg/min propofol was
required after a halothane induction to maintain immobility
during MRI,* subsequent studies showed that much larger doses
are required in unpremedicated children or after sevoflurane
inductions.* Specifically, initial infusion rates of propofol of 200
to 250 pg/kg/min (12 to 15 mg/kg/hr) or even greater may be
required (up to 500 pg/kg/min for the first 15 minutes and then
tapered) to prevent nonpurposeful limb movement during scans.
The initial rate may have to be increased for younger children
(e.g., infants) and for those who are cognitively impaired. Mid-
azolam premedication may reduce the propofol requirements,
but it delays emergence after brief procedures. Some advocate
intermittent boluses of propofol whereas others advocate con-
tinuous infusions. Once movement has abated, the infusion rate
of propofol may be titrated approaching 200 pg/kg/min in
infants and 150 pug/kg/min in older children. In one study, sys-
tolic BP decreased more and the total dose of propofol was
greater when continuous infusions were used, compared with
intermittent boluses.”*’ If minor movement can be tolerated (e.g.,
medical procedures), then intermittent boluses may be preferred
for brief procedures, whereas if immobility is required (radiation
oncology and radiologic procedures), then infusions are pre-
ferred. In some clinical scenarios, such as radiation oncology,
burns, and oncology procedures, repeated sedation with propofol
over a prolonged period is required. There is no evidence that
tolerance to propofol develops.””

Integrated PK-PD studies in neonates are lacking, partly
because of a lack of consistent effect measures. The equilibration
half-time (T,keo) for the effect compartment is unknown, but
is assumed to be smaller™ than the 3 minutes described in
adults.””** Reduced GABA, receptor numbers in the neonatal
brain may contribute to a reduced target concentration, but this
hypothesis remains untested. A circadian night-rhythm effect has
been noted in an investigation of infant propofol sedation after
major craniofacial surgery,” but such an effect is unlikely in
neonates who do not have established day-night sleep cycles.”

Propofol affects a number of organ system responses in vivo.
Systolic BP decreases approximately 15% in children,”!7*7573¢
which is similar to what occurs in adults.”” Most studies reported
similar decreases in BP after propofol and thiopental in chil-
dren.””®”* The incidence of apnea after an induction bolus of
either propofol or thiopental is similar.”**”*>”¢7*® The major clini-
cal disadvantage of propofol in children is pain when it is injected
intravenously in a small vein.” This pain can be diminished by
using any one of a number of strategies, including injecting
propofol into a large vein; pretreatment with IV lidocaine
(0.5 mg/kg), meperidine, nitrous oxide, metoprolol, or tramadol;
and combining a small dose of lidocaine (0.5 to 1.0 mg/kg) with
the propofol.* The most effective method to eliminate pain is to
apply a “mini-Bier block” by manually occluding the IV flow by
squeezing the extremity proximal to the IV site for 45 to
60 seconds and injecting IV lidocaine (0.5 to 1.0 mg/kg). As soon
as the Bier block is released, the desired dose of propofol is
administered painlessly (E-Fig. 6-11). The average number of
patients who need to be treated to benefit from this maneuver

*References 721, 735, 739, 756, 758, 760-764.
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to prevent pain (number needed to treat) in adults is less than two,
indicating that this technique is extremely effective,” which
should make this a routine practice.” Parenthetically, any par-
enteral form of lidocaine, including those that contain preserva-
tive, may be administered intravenously, combined with or
before propofol, without triggering an anaphylactoid reaction.

The mechanism by which IV propofol causes pain has been
attributed to the nociceptive effects of trace concentrations of
propofol (15 to 20 ug/mL) in the outer aqueous layer of the
Diprivan soybean-oil micelles. When the concentration of pro-
pofol in the aqueous outer layer coating the micelles was reduced
(i.e., by increasing the concentration of medium-chain triglycer-
ides in the formulation), irritation of the nociceptive nerve
endings in the veins and the severity of the pain during injection
were attenuated.”®

Indicators for recovery from anesthesia, such as time to eye
opening and time to extubation, are more rapid in children
when anesthesia was induced with propofol compared with
thiopental.”"””* Recovery of psychomotor function is more rapid
after a propofol induction and maintenance of anesthesia com-
pared with thiopental-isoflurane anesthesia.””* Recovery room
stay and time to hospital discharge are reduced with propo-
fol.”"7* Emergence delirium rarely occurs after propofol anesthe-
sia in children.***”*”” Propofol reduces the incidence of nausea
and vomiting when used as an induction agent or when used for
the maintenance of anesthesia.”*””*7% However, there have been
conflicting results for particular procedures, such as strabismus
repair and tonsillectomy, and when the drug is combined with
opioids.”*7* Nausea and vomiting may be considered surrogate
endpoints for serious adverse outcomes after surgery in children.
No studies have demonstrated clinically important abbreviated
times to discharge or decrease in overnight admission rate for
vomiting and/or dehydration in children treated with propofol.
Short-term infusions of propofol for surgical or medical proce-
dures have shown that the depth of sedation is easily controlled
by adjusting the infusion rate while still ensuring rapid and com-
plete recovery.”®”” Compared with thiopental, propofol is less
irritating to the airway, which translates into a reduced incidence
of laryngospasm.”®”*7¢ Insertion of a laryngeal mask airway is
substantially easier and more successful after a propofol induc-
tion compared with thiopental.”!877%7%

Propofol compromises airway patency and respiration in chil-
dren; the upper airway narrows particularly in the hypopharyn-
geal region, but it does remain patent.””’ If airway obstruction
occurs, the chin lift maneuver augments the patency of the upper
airway.®"®! Theoretically, collapse of the upper airway increases
in parallel with the dose of propofol by direct inhibition of
genioglossus muscle activity, as well as an inhibition of centrally
mediated airway dilatation and airway reflexes.®> All of these
upper airway changes are reversed on emergence from anesthe-
s1a.%® When propofol is given as an IV bolus, transient apnea
may occur.””"**7** Concerns over atelectasis and airway obstruc-
tion have prompted some to insert a tracheal tube or laryngeal
mask airway in children sedated with propofol during medical
procedures. However, evidence suggests that the incidence of
atelectasis in children who are breathing spontaneously with an
unprotected airway is less than in those whose tracheas are
intubated.®

Diprivan and the current lipid-based generic formulations of
propofol must be handled with aseptic techniques, because the
lipid is a culture medium.*® Propofol 1% can support the growth
of at least four well-known organisms: Staphylococcus aureus,
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E-FIGURE 6-11 Number needed to treat for various approaches to prevent pain when administering intravenous propofol. Lidocaine with a tourniquet
provided the best analgesia. CL, Confidence level. Each treatment is a unique color. Symbol sizes are proportional to the number of analyzed data.
(Redrawn with permission from Picard P, Tramer MR. Prevention of pain on injection with propofol: a quantitative systematic review. Anesth Analg
2000;90:9639.)
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Pseudomonas aernginosa, Escherichia coli, and Candida albicans.****
When Diprivan was first introduced, it was prepared (as are all
lipid emulsions) under strict aseptic conditions, with a layer of
nitrogen above the liquid emulsion in each vial.”*¢ Once opened,
external contamination of the vials, however, resulted in severe
sepsis and several deaths before antimicrobial agents were man-
dated to be added to the propofol formulations to prevent or
retard bacterial growth. In very small concentrations, EDTA
inhibits bacterial growth by chelating vital trace metals without
affecting the emulsion droplet size or stability. Other formula-
tions of propofol contain sulfite or metabisulfites, which release
sulfur dioxide that prevents bacterial growth. Sulfites are more
effective at reduced pH values, but there is a limit to how acidic
the emulsion can become because this destabilizes the emulsion
droplets. To further prevent any risk of bacterial contamination,
all opened vials of propofol should be discarded after 6 hours.
These strategies have eliminated concerns of bacterial contamina-
tion of propofol and episodes of sepsis.

Long-term propofol infusions were used extensively for seda-
tion in ICUs after recognizing that its favorable PK would facili-
tate a rapid wake-up.””” However, a report of five deaths in infants
and children (4 weeks to 6 years of age) who were sedated with
Diprivan raised serious doubts about the safety of such a prac-
tice."”” The syndrome, now known as propofol infusion syn-
drome (PRIS), occurs primarily, but not exclusively, in children
who are sedated for prolonged periods in ICUs.**®" Clinical
experience indicates that PRIS is most common when propofol
is infused continuously at more than 5 mg/kg/hr (70 pg/kg/min)
for more than 48 hours. Manifestations of PRIS include the
insidious onset of lipemia, metabolic acidosis, hyperkalemia, and
rhabdomyolysis that may precipitously transform into profound
myocardial instability and cardiovascular collapse that is refrac-
tory to all resuscitative efforts. Manifesting signs may be subtle,
with the sudden onset of bradycardia that is refractory to the
usual interventions. PRIS was suspected in a 5-year-old undergo-
ing an arteriovenous malformation resection when an unex-
plained metabolic acidosis was detected after a 6-hour infusion
of propofol.®"* When propofol was discontinued, the signs of
PRIS abated. In an adult neurosurgical ICU where propofol
sedation was used, a retrospective review determined that for
every 1 mg/kg/hr that the propofol infusion exceeded 5 mg/kg/
hr, the odds ratio of death was 1.93.85° After a total of at least
28 deaths in children and 14 adults, the FDA cautioned against
the use of propofol for long-term sedation. Predisposing risk
factors include concomitant catecholamine inotrope infusions
or high-dose corticosteroids and sepsis. Mortality currently
ranges from 30% to 80%, although early institution of hemodi-
alysis or extracorporeal membrane oxygenation may improve
survival.'¢

Unraveling PRIS has proved to be difficult. Early investiga-
tions noted that during PRIS, the blood concentrations of mal-
onylcarnitine and C5-acylcarnitine increased. These compounds
are known to inhibit carnitine palmitoyl transferase and the
transfer of LCT into mitochondria.*"”®® Propofol may also
directly inhibit carnitine palmitoyl transferase to impede flux of
LCT into the mitochondria. Within the mitochondria, propofol
uncouples the B oxidation spiral at complex II in the respiratory
chain, which, in turn, inhibits transmembrane flux of LCT into
mitochondria, strangling the mitochondria from a much needed
source of energy. To reduce the risk of PRIS, new formulations
of propofol are being developed that contain less or no LCT.
Medium-chain triglycerides are replacing LCTs in propofol. The

clinical importance of these developments requires further inves-
tigations with multicenter studies.®”

The safety of propofol in the neonatal period has raised con-
cerns after reports of profound episodes of cardiorespiratory col-
lapse in neonates.*”**?! In these cases, precipitous and severe
decreases in systolic BP, heart rate, and oxygenation were observed
after a single induction dose of propofol (1 to 7 mg/kg) in neo-
nates without evidence of congenital heart defects or cardiomy-
opathy. Resuscitation was extremely difficult in all cases despite
intervention with both inotropic and chronotropic agents. A
myriad of causes of bradycardia associated with propofol admin-
istration have been proposed.*”” In a comprehensive review of
bradycardia after propofol in children and adults, the authors
concluded that “propofol carries a finite risk for bradycardia with
potential for major harm.”®? Whether these responses reflect
acute right-to-left shunting, a return to fetal circulation, or
another, as yet undisclosed, cause in neonates has not been
confirmed; caution should be exercised when propofol is used
to induce anesthesia in neonates.””

Although anaphylactoid reactions have been reported after
propofol administration in children, specific causes for the aller-
gic reaction have not been identified.** In some instances, the
“reactions” were primarily respiratory and attributed to preserva-
tives, such as metabisulfites.®”® However, 13 of 14 adults who
developed anaphylactoid reactions after their first exposure to
propofol displayed a hypersensitivity response to propofol with
at least one test during immunologic testing.** Similar findings
in children have not been reported. It has been proposed that
first exposure reactions suggest a previous sensitization possibly
arising from isopropyl epitopes similar to propofol in cosmetics,
detergents and cough medicines.

The package insert for Diprivan cautions against its use in all
patients with “egg allergy.” However, children with egg allergy
(including severe allergy) have received measles-mumps-rubella
vaccine, which is derived from eggs, without untoward experi-
ence,’”*? although isolated reactions have been reported. In the
past 2 decades, no immunologically verified anaphylactic reac-
tions have been reported in children with egg allergy who received
Diprivan. In fact, Diprivan contains egg lecithin which is derived
from heated egg yolk. Egg lecithin is a phospholipid and has not
been reported to trigger allergic reactions, although trace concen-
trations of egg yolk, of which only 2 of 9 proteins present,
Gal d 5 and Gal d 6, are possibly immunogenic. When propofol
was given 43 times to 28 children with egg allergy, only one
experienced a mild nonanaphylactoid reaction, which led to their
recommendation to avoid propofol only in children with docu-
mented anaphylaxis to eggs.®

Soy protein allergy is primarily a gastrointestinal allergy that
dissipates by 5 to 6 years of age because of repeated exposure
to soy protein in foods. Very rarely is soy allergy a systemic
disease. Although propofol is a soy based emulsion, the Astra-
Zeneca web site states that all protein moieties are removed
during the manufacturing process rendering soy an exceedingly
unlikely epitope to trigger an immunologically based anaphy-
lactic reaction. The reader should note that there is an approxi-
mately 5% cross-reactivity between soy and peanut allergy.®! In
children with both soy allergy and peanut anaphylaxis, it may
be prudent to avoid propofol, especially if administering generic
formulations.

In an effort to divest propofol of its lipid carrier and pain
during IV administration, alternate formulations of propofol
have been under development for parenteral use. New
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formulations of propofol must satisfy a number of conditions:
easy to administer, stable formulation, no or minimal pain on
injection, no infectious risk, and rapid PK. Unfortunately, many
of the formulations that have been developed to date have failed
in one or more of the above criteria. Most recently, a prodrug
(fospropofol [Lusedra]) and nonlipid excipients (cyclodextrin,
nanoparticle carriers) have shown promise. Clinical trials with
fospropofol for sedation in adults have shown promise.®****

Fospropofol, a phosphate-modified prodrug of propofol,
undergoes enzymatic hydrolysis in approximately 8 minutes in
blood to remove the phosphate moiety yielding the active form
of propofol.**#* Fospropofol displays similar kinetics to the
parent compound, without pain on injection. With the delayed
onset of sedation with this prodrug, the slow increase in blood
concentrations should reduce adverse respiratory and cardiovas-
cular side effects, but this also slows induction of anesthesia. This
formulation carries a minimal risk of microbial infection because
there is no lipid excipient. The release of formaldehyde and
formate as metabolites of fospropofol are concerns that require
further investigation.®>*? A frequent adverse effect of fospropo-
fol is transient perianal and perineal pain or burning, for which
no preventative measure has been forthcoming.*”” There are no
published data with fospropofol in children. Currently, further
development of fospropofol by the manufacturer has been
suspended.

Regarding the nonlipid formulation using B-cyclodextrins,
human studies show a large incidence of pain on IV injection
that make it a nonviable alternative.** In adults, this formulation
produced more pain during injection than Diprivan, rendering
this formulation unlikely to reach the marketplace. Another for-
mulation of propofol is Aquafol (Daewon Pharmaceutical Co,
Ltd, Seoul, Republic of Korea), a nanoparticle microemulsion
that contains two polyethylene glycol-based compounds to sta-
bilize the microemulsion.*! The PD and safety of Aquafol were
similar to those of Diprivan in adults, although differences were
noted in the PK. In adults, this formulation yielded more pain
during IV administration than Diprivan.’*” Unless this issue is
addressed, this formulation is unlikely to be used widely in clini-
cal practice.

Finally, some recommend supplanting long-chain triglycer-
ides in propofol with medium-chain triglycerides to reduce the
risk of PRIS and pain during injection. When 1% propofol with
long-chain triglycerides was compared with 1% propofol in a
mixture of medium and long-chain triglycerides, both with 1 mL
of 2% lidocaine, the frequency of pain and its intensity during
injection were similar.®*

KETAMINE
Ketamine (Ketalar) is a derivative of phencyclidine that similarly
antagonizes the N-methyl-D-aspartate (NMDA) receptor.®* Its
action is related to central dissociation of the cerebral cortex, and
it also causes cerebral excitation. The latter property may be
responsible for precipitating seizures in susceptible children and
the reason that processed EEG monitoring devices do not work
with ketamine sedation or anesthesia.?¢326384384

Ketamine is available as a mixture of two enantiomers; the
S(+) enantiomer has four times the potency of the R(-) enantio-
mer. (S)-(+)-ketamine has approximately twice the potency of the
other enantiomer. The metabolite norketamine, has a potency
that is one-third that of its parent compound. Plasma concentra-
tions associated with anesthesia are approximately 3 pug/mL,*"”
whereas concentrations for hypnosis and amnesia during surgery

Sedation level

Effect compartment concentration (mg/L)

FIGURE 6-18 The relationship between effect compartment concentration
and level of ketamine sedation (purple line). The concentration producing
50% of the maximum effect (ECso) was 0.562 mg/L. Categorical data are
shown as crosses. The brown and blue lines demonstrate the 5% and
95% confidence infervals. (Reproduced with permission from Herd DW,
Anderson BJ, Keene NA, Holford NH. Investigating the pharmacodynamics
of ketamine in children. Paediatr Anaesth 2008;18:36-42.)

are reported to be 0.8 to 4 ug/mL; awakening usually occurs at
concentrations less than 0.5 pg/mL. Pain thresholds are increased
at 0.1 ug/mL.**® The concentration-response curve for ketamine
sedation is steep.®>** This means that small serum concentration
changes will have dramatic effect on the degree of sedation
observed (Fig. 6-18).

Ketamine is very lipid soluble with rapid distribution and the
onset of anesthesia after IV administration is approximately
30 seconds. This is usually heralded by horizontal or vertical

nystagmus (Video 6-1).°"*"' Studies separating equivalent anes- ]

thetic doses of ketamine isomers identified a reduced incidence
of side effects, more potent analgesia, and fewer cardiovascular
effects with the dextro isomer rather than the levo isomer®%#23%,
acute tolerance has been reported.® Children require greater
doses of ketamine (per kilogram) than adults because of greater
clearance (per kilogram); however, there is considerable patient-
to-patient variability, 262848850852

Ketamine undergoes N-demethylation to norketamine;
metabolized mainly by CYP3A4, although CYP2C9, CYP2B6
also have a role. Elimination of racemic ketamine is complicated
by the (R)-(—)-ketamine enantiomer, which inhibits the elimina-
tion of the (S)-(+)-ketamine enantiomer.*’ Clearance is immature
in neonates but matures to reach adult rates (80 L/hr/70 kg, i.e.,
liver blood flow) within the first 6 months of life, when described
using allometric size models.*® Clearance in neonates is reduced
(26 L/hr/70 kg)®*®! while Vdss is increased (3.46 L/kg at birth,
1.18 L/kg at 4 years, 0.75 L/kg at adulthood).®” This larger Vdss
in neonates contributes to the observation that neonates require
a fourfold greater dose than 6-year-old children to prevent gross
motor movement.**?

Bioavailability after intramuscular (IM) administration is
approximately 93% in adults and even greater in children ?*8¢38¢4
There is a high hepatic extraction ratio and the relative bioavail-
ability of oral, nasal, and rectal formulations is 20% to 50%
(Table 6-12).%*%¢ Children presenting for burn surgery had slow
absorption (absorption half-time [T,,abs] was 59 min) with large
between-subject variability.*
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Ketamine is an excellent analgesic and amnestic; the recom-
mended dose for induction of anesthesia is 1 to 3 mg/kg intra-
venously or 5 to 10 mg/kg intramuscularly.®***’ The duration of
action of a single IV dose is 5 to 8 minutes, with an o-elimination
half-life of 11 minutes, and a B-elimination half-life of 2.5 to
3.0 hours.****” Further supplementary doses of 0.5 to 1.0 mg/kg
are administered when clinically indicated. Atropine or another
antisialagogue accompanying the initial dose diminishes the pro-
duction of copious secretions that occur with ketamine.®"%"
Ketamine may also be administered in very low doses intra-
venously (0.25 to 0.5 mg/kg) or intramuscularly (1 to 2 mg/kg),
either alone or in combination with low-dose midazolam
(0.05 mg/kg [50 pg/kg]), along with atropine (0.02 mg/kg) for
sedation, for a variety of procedures, such as oncology evalua-
tions, suture of lacerations, or radiologic interventions.3>*8¢%873-878
If an antisialagogue is not administered, there is a greater risk for
laryngospasm,”” although guidelines for emergency departments
suggest that supplementation with atropine or a benzodiazepine
may not be necessary with doses of 1 to 1.5 mg/kg.****! Larger
doses of ketamine will produce a state of general anesthesia.®*®
Even after small doses there is potential for apnea or airway
obstruction, particularly when combined with other sedating
medications, 828888

Ketamine has also been administered orally, nasally, and rec-
tally, both as a premedication before general anesthesia and for
procedural sedation.®®*¢885%2 Ora] ketamine administered as a

The use of ketamine is increasing for postoperative pain man-
agement when administered in small doses as an opioid-sparing
drug®*8e7919922. although a recent meta-analysis documented
reduced pain scores and nonopioid sparing effects, it failed to
substantiate its efficacy in opioid-sparing (see later discussion).
Ketamine has also been used topically to treat mucositis and
other painful conditions.”****?’ Ketamine increases heart rate,
cardiac index, and systemic BP; it also increases pulmonary artery
pressure in adults but has a small effect on respiration.***° In
children, there is apparently no effect on pulmonary artery pres-
sure provided that ventilation is controlled.”" If a child is sedated
with ketamine but allowed to breathe spontaneously, increases
in end-tidal CO, could increase pulmonary artery pressures.’
Ketamine sedation has been shown to maintain peripheral vas-
cular resistance, thus affecting intracardiac shunting less than
propofol in children sedated for cardiac catheterization.’
However, the combination of ketamine and propofol might be
superior to either drug alone in this circumstance.”"**> Ketamine
has negative inotropic effects in those who depend on vasopres-
sors.”*® The effect of ketamine on the musculature of the upper
airway differs from that of midazolam; in adults, ketamine does
not cause airway obstruction, whereas midazolam does.” Ket-
amine has one of the best safety profiles of any anesthetic agent.
After unintended overdoses as great as 56 mg/kg IM and 15 mg/
kg IV, the duration of sedation persisted for 3 to 24 hours;
respiratory depression occurred in four children, whereas tracheal
intubation was required in two. When the children who received
an overdose were monitored and their airways were maintained,
recovery occurred without incident. This report, combined with
the minimal effect of ketamine on airway patency, may explain,
in part, the successful widespread use of this anesthetic by non-
anesthesiologists. However, there remains a small but consistent
incidence of adverse airway-related events, such as laryngospasm,
apnea, and airway obstruction associated with ketamine, under-
scoring the need to ensure that the personnel responsible for
administering ketamine are trained in advanced airway manage-
ment. Ketamine also relaxes the smooth musculature of the
airway stimulated by histamine™; treatment of acute asthma
with subanesthetic doses has yielded mixed results.”***

The most common adverse reaction to ketamine is postopera-
tive vomiting, which occurs in 33% of children after anesthesia.®!
Intraoperative and postoperative dreaming and hallucinations
occur more commonly in older than in younger children.®’
The incidence of these latter adverse effects may be reduced
when ketamine is supplemented with a benzodiazepine.”***
One clinical report described two children, each 3 years of age,
who had recurrent nightmares and abnormal behavior persisting
for 10 months after a single ketamine administration.”” A sopo-
rific environment may reduce the incidence of emergence
phenomena.”

Indications

Ketamine is useful for children who are developmentally delayed,
or those who become combative because they are too frightened
to come to the OR. Ketamine can be used in very low doses
(0.25-0.5 mg/kg) for short-term procedures, such as diagnostic
spinal punctures and bone marrow aspiration, and in larger doses
for angiography and cardiac catheterization. Ketamine may be
particularly valuable for burn-dressing changes, suture removal,
induction of anesthesia in hypovolemic children, children for
whom application of a face mask may prove hazardous (such as
with epidermolysis bullosa), and children who require invasive



monitoring before induction of general anesthesia. "% Ket-

amine has been successfully used even in neonates with less
apparent cardiovascular depression than occurs with halothane
or isoflurane.”

The role of ketamine for postoperative pain has been recently
reviewed using meta-analysis. Administration of ketamine in the
OR was associated with decreased postoperative pain intensity
and nonopioid analgesic requirement in the postoperative care
unit, but failed to exhibit a postoperative opioid-sparing effect in
the subsequent 6 to 24 hours.”"

Contraindications

Ketamine may produce increases in intracranial pressure (ICP) as
a result of cerebral vasodilation; it also increases CMRO,. Ket-
amine may be contraindicated in children with intracranial
hypertension.”>’ This concern regarding ICP has been chal-
lenged”**; adult patients whose lungs were mechanically venti-
lated and who were sedated with a ketamine infusion demonstrated
a decrease in ICP after bolus doses of 1.5, 3.0, and 5.0 mg/kg.”
The caveat is that the tracheas were already intubated, ventilation
was controlled, and they were sedated. There may be a use for
ketamine sedation in the ICU where there is meticulous attention
to airway management and control of ventilation.”

A 30% increase in intraocular pressure (IOP) has also been
noted; thus, ketamine may be potentially dangerous in the
presence of a corneal laceration.”” In children with active upper
respiratory tract infections, copious secretions caused by ket-
amine may well exacerbate an already irritable airway and result
in laryngospasm.”"*”’ Ketamine may cause an incompetent gag
reflex and thus should not be administered in anesthetic induc-
tion doses to children with a full stomach without appropriate
airway management. Ketamine may not be useful as the sole
anesthetic agent in any surgical procedure in which total control
of the child’s position is necessary, because purposeless move-
ments frequently occur. Ketamine may be inappropriate in any
child with a history of psychiatric or seizure disorder because
of its psychotropic and epileptogenic effects.*>*° In addition,
studies in newborn rodents and nonhuman primates correlated
ketamine treatment with increased neuronal apoptosis during
rapid synaptogenesis.******? In neonatal rhesus monkeys, infu-
sions of ketamine (20 to 50 pg/kg/hr) yielded apoptosis after
24 hours but not after 3 hours.”® At this time, the clinical
importance of these findings to humans is unclear, because
apoptosis has been studied only in laboratory animals. It is
unclear whether these data can be extrapolated from animals
to developing humans (see Chapter 23). Similar observations
in rodents have been made with isoflurane, nitrous oxide, ben-
zodiazepines, propofol, and other medications commonly used
to provide sedation or analgesia and anesthesia to infants.
However, current anesthetic practice should not change until
rigorous scientific investigations are carried out.”® Although
the administration of ketamine appears simple, its side effects
are potentially dangerous. Ketamine must be administered only by
physicians experienced with managing a compromised airway. We
urge that it not be used as a premedication unless given in
the presence of continuous supervision by properly trained
personnel.

ETOMIDATE

Etomidate (Amidate) is a steroid-based hypnotic induction agent.
It is metabolized principally by hepatic esterases. Concentrations
associated with anesthesia are 300 to 500 pg/L. As with most
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induction agents, offset of effect is by redistribution; clearance is
approximately 1000 mL/min/70 kg in children and adults. Chil-
dren require a 30% increased bolus dose because of an increased
Vl.%z

Etomidate is painful when administered intravenously.
However, concerns regarding the risks of anaphylactoid reactions
and suppression of adrenal function have resulted in most anes-
thesiologists avoiding this agent in routine cases.”*® Etomidate is
very useful in children with head injury and those with an unsta-
ble cardiovascular status, such as children with a cardiomyopathy,
because of the virtual absence of adverse effects on hemodynam-
ics or cardiac function.’**** It is often used by emergency depart-
ment physicians for management of the airway.”****® Commonly
used doses include 0.2 to 0.3 mg/kg before administration of a
low-dose opioid and a muscle relaxant. Etomidate is often used
to facilitate tracheal intubation in critically ill children, that is,
those in whom it would seem to offer the most advantage.
Because a very large proportion of critically ill children, particu-
larly those resistant to vasopressors, suffer from relative adrenal
insufficiency, corticosteroid supplementation may be indicated
in such patients in whom etomidate is deemed necessary for their
safe airway management.””” (See later discussion, New Drugs
in the Pipeline.)

Neuromuscular Blocking Drugs

NEUROMUSCULAR MONITORING

The measurement of evoked responses after an electrical stimulus
is the standard method for evaluating neuromuscular function.
This method allows nearly instantaneous evaluation of the degree
of neuromuscular blockade in the unconscious individual. The
force of contraction of the thumb, the accelerometer, or the
electromyogram may be used to make this assessment.””! Twitch
tension measurements use the force of contraction of the adduc-
tor pollicis. This muscle is the only thumb muscle supplied by
the ulnar nerve; measurements therefore approach the single-
muscle precision of the experimental nerve muscle preparation.’
The evoked tension of the adductor pollicis in response to stimu-
lation of the ulnar nerve can be recorded by a force displacement
transducer (E-Fig. 6-12, A). With the electromyogram, the com-
pound muscle action potential is recorded by surface or needle
electrodes applied to any muscle, usually the adductor pollicis
brevis, the abductor digiti minimi, or the first dorsal interosseous
muscle of the hand (see E-Fig. 6-12, B). To achieve reproducibility
and to ensure full activation of all stimulated nerve and
muscle fibers, the stimuli should be supramaximal in intensity,
square wave in nature, and no longer than 0.2 millisecond in
duration.

Clinically, three types of stimulation are used (E-Fig. 6-13):
1. Single twitch (0.1 to 0.25 Hz [cycles/second])

2. Train-of-four (2 Hz for 2 seconds)
3. Tetanus (50 Hz, usually for 5 seconds)

Single-twitch rates are useful whenever there is an observable
control response. By comparing the percentage change of twitch
tension before and after administration of the neuromuscular
blocking agent, one can assess the degree of paralysis. Single
stimuli detect relatively high degrees of neuromuscular blockade.
In fact, depression of the twitch response can be observed only
if more than three fourths of the postsynaptic receptors are
blocked.””

The train-of-four is the most commonly used method for
assessing nondepolarizing neuromuscular blockade. It consists of
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E-FIGURE 6-12 A, Arrangement used for studying evoked tensions in
infants and children. B, Position of electrodes for recording an evoked
electromyogram. In a clinical setting and in the absence of recording
apparatus, feeling the twitch response is adequate.

Train-of-Four (2 Hz, 2 seconds)

; F

A Nondepolarizing muscle relaxant

Tetanus (50 Hz, 5 seconds)

(Tetanus)

Twitch)

} F

B Nondepolarizing muscle relaxant

E-FIGURE 6-13 Idealized recording of the effect of nondepolarizing muscle
relaxants on the train-of-four and tefanic stimulation. Note in A the four
equal twitches before the administration of a nondepolarizing muscle
relaxant (arrows). After curare, the fourth twitch is less in amplitude than
the first (train-of-four). The last sequence indicates greater neuromuscular
blockade because only three of the four twitches are observed.

B, Corresponding single twitch, train-of-four, and tetanus observations at a
lower amplification. Note the marked fade and posttetanic facilitation after
the second dose of nondepolarizing muscle relaxant (arrows).
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four supramaximal stimuli applied to the ulnar nerve at a fre-
quency of 2 cycles/sec. The ratio of the amplitude of the fourth
twitch to the first is an indicator of the degree of neuromuscular
blockade. The main advantage of the train-of-four is that it does
not require a control measurement. Furthermore, the train-of-
four technique can be repeated every 10 seconds, thus allowing
rapid changes in neuromuscular blockade to be closely moni-
tored.” In general, when the train-of-four is zero, the conditions
for tracheal intubation are satisfactory (excellent or good).””
Preterm infants younger than 32 weeks postconceptional age
(PCA) have reduced train-of-four fourth-response values (83% +
2%) compared with more mature neonates (E-Fig. 6-14).”* In
full-term infants younger than 1 month of age, the height of the
fourth evoked response of the train is about 95%.”” The change
to the greater value during the first month of life probably indi-
cates maturation of the myoneural junction. In children 2 months
of age and older, all components of the train-of-four are nearly
equal (100%).”™

Tetanic stimulation is usually obtained by supramaximally stim-
ulating the nerve for 5 seconds or more. During tetanic stimula-
tion, synthesis of acetylcholine increases; however, this increase
is limited. If the duration of stimulation is too prolonged or the
frequency of stimulation is too great, fade occurs; that is, a decre-
ment in the height of tetanus is noted. The usual explanation for
the occurrence of fade is that during repetitive stimulation, the
acetylcholine output-per-impulse wanes. Under normal circum-
stances, the diminution of acetylcholine output does not affect
transmission because of the continuing excess of both acetylcho-
line and receptors at the myoneural junction (safety factor).
During partial receptor blockade with a nondepolarizing relaxant,
the progressive diminution of acetylcholine output eventually
results in a decreased number of stimulated receptors and a
consequent decrease in the amplitude of contraction. An alterna-
tive notion holds that fade is not simply the consequence of a
spontaneously occurring decrease in the transmitter action but
is, in fact, because of a different and separate action of the drug.
This suggests that the relaxant has a prejunctional effect.” In
infants and children anesthetized with halothane, the percent of
fade during tetanic stimulation for 5 seconds at 20 cycles/sec is
5% and at 50 cycles/sec it is 9%.”” These values are comparable
to those for adults.”” If the duration of stimulation is prolonged,
an even greater degree of fade may be noted. In small infants, a
more than 50% decrement in the height of tetanus has been
observed during 15 seconds of tetanic stimulation; this decre-
ment is even more marked in preterm infants.”®"” These findings
suggest that small infants can indeed sustain short periods of
tetanic stimulation, but their musculature becomes fatigued more
quickly than that of older children.

The integrity of the myoneural junction can also be analyzed
by evaluation of posttetanic facilitation. The increased synthesis
and release of acetylcholine that occur during tetanic stimulation
continue for a short interval after the stimulation has stopped.
This increased production normally does not result in facilitation
because all the muscle fibers are excited by the stimulus. In the
presence of nondepolarizing (competitive) neuromuscular block-
ade, however, the increased posttetanic acetylcholine release
stimulates a greater number of muscle fibers, producing the char-
acteristic posttetanic facilitation.””

The posttetanic count has been used to evaluate intense neu-
romuscular blockade in children.”®*%! This is a measure obtained
by applying a 50 cycle/sec tetanic stimulus to the ulnar nerve for
5 seconds, followed by single-twitch stimulation at 1 cycle/sec;

the number of twitches observed in the posttetanic period is
known as the posttetanic count (E-Fig. 6-15). Because tetanus and
posttetanic responses are indicators of deep neuromuscular
blockade, they can usually be elicited during recovery before the
reappearance of the train-of-four. At very deep levels of blockade,
no tetanus or posttetanic effect can be seen; as the patient recov-
ers, a single posttetanic response eventually manifests itself. The
number of posttetanic counts increases as recovery proceeds
until, at posttetanic counts of six to seven, the first twitch of the
train-of-four reappears. It has been shown that during recovery,
the first posttetanic response precedes the first response of the
train-of-four by 5 to 10 minutes with intermediate relaxants and
by 20 to 30 minutes with long-acting relaxants.”****! In a clinical
situation in which neuromuscular recording instruments are not
available, the number of contractions during train-of-four are
counted. This technique depends on the fact that the number of
twitches in the train-of-four usually correlates well with the degree
of blockade. When the height of the first twitch is about 21% of
control, three contractions are usually detected during train-of-
four stimulation; at a single-twitch height of 14% of control, two
contractions are in evidence, and when the single-twitch height
is about 7%, only one contraction is detected.” During proce-
dures in which a child’s hand is covered by surgical drapes, pal-
pating the number of contractions provides a satisfactory
alternative. The number of contractions during train-of-four
stimulation thus yields a practical assessment of neuromuscular
blockade. For more profound blockade, the posttetanic counts
can be used intermittently. However, repeated tetanic stimulation
is not ideal because it is painful and can lead to posttetanic
exhaustion.

Although twitch monitoring is the standard method of evalu-
ating neuromuscular blockade, the neuromuscular blockade in
one group of muscles can differ substantively from that in
another. For example, 1.7 times more relaxant is required to
block the diaphragm and the vocal cords than the adductor
pollicis.”***** Nonetheless, recovery of the twitch response is
also approximately 50% more rapid in these central muscles.
Accordingly, it is conceivable that children could cough or react
during intubation in the absence of the twitch response when
it is measured peripherally. Perhaps more importantly, when
the peripheral twitch response has recovered at the end of the
procedure, it is a clear indication that the diaphragm and the
vocal cords are in a more advanced stage of recovery. Monitor-
ing the orbicularis oculi contraction (as an estimate of the
relaxation of central muscles) to predict whether the conditions
for tracheal intubation are suitable, is preferred because it occurs
before the twitch response of the adductor muscle of the
thumb.”

Another method for monitoring neuromuscular blockade is
acceleromyography, which uses a piezoelectric sensor to quanti-
tate the movement of the thumb, converting this to an electrical
signal. There is considerable disagreement in the published litera-
ture as to which of these techniques is most accurate.”®** Moni-
tors based on acceleromyography are becoming more commonly
available; however, these are not “user friendly” and are difficult
to use in infants because of the small arc of the displaced thumb.
Some consider this monitor to be more accurate than standard
mechanomyography based train-of-four monitors.”*** Others
think that mechanomyography is more accurate because it is “less
influenced by external disturbances,” i.e., it does not go out of
calibration.””" Therefore, at present, for clinical purposes in
infants and children, mechanomyography still seems to be the



Pharmacokinetics and Pharmacology of Drugs Used in Children  120.€1

Train-of-Four (percent) Tetanus to Twitch Ratio

@ Developmental age
O Postnatal age

100 H
90
80
0 T 1
<32 wk 32-42wk <1 mo2mo-9yr <32 wk 32-42wk <1mo 2mo-9yr <32wk 32-42wk <1mo 2mo-9yr
20 Hz 50 Hz

E-FIGURE 6-14 The frain-of-four values and tetanus fo twitch ratios of critically ill infants younger than 42 weeks developmental age in the neonatal
intensive care unit and term infants anesthetized with halothane. Note the evidence of maturation of the myoneural junction in the older children. mo,
Month; wk, week; yr, year. (Redrawn from Goudsouzian NG, Crone RK, Todres ID. Recovery from pancuronium blockade in the neonatal intensive care unit.
Br J Anaesth 1981;53:1303-9.)
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E-FIGURE 6-15 The recovery pattern of train-of-four and posttetanic response after treatment with a nondepolarizing muscle relaxant. Note that despite
deep neuromuscular blockade (absent train-of-four) the posttetanic response is evident. The less intense the neuromuscular blockade, the greater the
number of posttetanic counts (see text).
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simplest and most helpful clinical monitor during the use of
nondepolarizing competitive blockers.

NEUROMUSCULAR JUNCTION

Adult postjunctional acetylcholine receptors possess five subunits—
two o and one B, 3, and € subunits. Preterm neonates (less than
31 weeks PMA) have a y subunit instead of an € subunit in
their neuromuscular receptor.””? Fetal receptors have a greater
opening time than adult receptors, allowing more sodium to
enter the cell, with a consequent larger depolarizing potential.
The resulting increased sensitivity to acetylcholine is at odds
with the observed increased sensitivity to NMBDs, but may
compensate for reduced acetylcholine stores in the terminal
nerve endings.””

Neuromuscular transmission is immature in neonates and
infants until the age of 2 months.”>"** Neonates deplete acetyl-
choline vesicle reserves more quickly than do infants older than
2 months, in response to tetanic nerve stimulation.””” Data from
phrenic nerve-hemidiaphragm preparations from rats aged 11 to
28 days suggest this is the result of a low quantal content of
acetylcholine in neonatal endplate potentials.?* Neonates display
an increased sensitivity to NMBDs. An alternative proposal to
explain this increased sensitivity is based on NMBD synergism
observations.””**”® Neonates display poor synergism and this has
been explained on the basis that NMBDs occupy only one of
the two o-subunit receptor sites in neonates as opposed to two
in children and adults.” If this is true, then neonates may use
NMBDs more efficiently than children.

Preterm infants tolerate respiratory loads poorly. The dia-
phragm in the preterm neonate contains only 10% of the slowly
contracting type I fibers. This proportion increases to 25% at
term, and to 55% by 2 years of age.’” A similar maturation
pattern has been observed for the intercostal muscles.*® Type
I fibers tend to be more sensitive to NMBDs than type II fibers,
and consequently the diaphragmatic function in neonates
may be better preserved and recover earlier than peripheral
muscles'984,997-999

Total body water and extracellular fluid (ECF)'" are greatest
in preterm neonates and decrease throughout gestation and post-
natal life, whereas fat as a percentage of body weight increases
with postnatal age. Muscle contributes only 10% of body weight
in neonates, and 33% by the end of childhood. Polar drugs, such
as depolarizing and nondepolarizing NMBDs, distribute rapidly
into the ECF, but enter cells more slowly. Consequently, a larger
initial dose of such drugs is required in infants compared with
children or adults. Increasing the muscle bulk contributes new
acetylcholine receptors. This greater number of receptors requires
a greater amount of drug to block activation of receptor ion
channels.

PHARMACODYNAMICS
There is age-related variability in the dose required to achieve a
predetermined level of neuromuscular blockade during balanced
thiopental-N,O-fentanyl anesthesia. The EDys of vecuronium
was 47 + 11 pg/kg in neonates and infants, 81 + 12 pg/kg in
children between 3 and 10 years of age and 55 + 12 pg/kg in
children aged 13 years or older (Fig. 6-19).1"!

Similar profiles have been reported for other NMBDs.
In addition, duration of neuromuscular blockade is greater in
neonates than in children.'®® The reduced dose requirement in
neonates is attributable to immaturity of the neuromuscular junc-
tion. The increased Vd from an expanded ECF in neonates means
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FIGURE 6-19 Dose changes with age for vecuronium during balanced
anesthesia. EDs, is the dose that achieves 50% of the maximum response;
EDs is the dose that achieves 95% of the maximum response. (Data
extracted from Meretoja OA, Wirtavuori K, Neuvonen PJ. Age-dependence
of the dose-response curve of vecuronium in pediatric patients during
balanced anesthesia. Anesth Analg 1988;67:21-6.)

a similar initial dose (per kilogram) is given to neonates and
teenagers. Children tend to require larger doses than adults; the
reason for the larger dose requirement in children is unclear but it
may be the result of increased muscle bulk.

Investigation of concentration-response relationships is more
revealing. The plasma concentration required in neonates to
achieve the same level of neuromuscular block as in children or
adults is 20% to 50% less, consistent with immaturity of the
neuromuscular junction.*>*”1%° Plasma concentration require-
ments are reduced by volatile anesthetic agents.?*!?1:1012

The onset time for NMBDs in neonates is faster than it is
in older children and adults. Onset time (time to maximal
effect) after vecuronium 70 pg/kg was most rapid for infants
(1.5 £ 0.6 min) compared with that for children (2.4 £ 1.4 min)
and adults (2.9 £ 0.2 min)."®® These observations are similar to
those reported for other intermediate- and long-acting NMBDs.””
The more rapid onset of these drugs in neonates has been
attributed to a greater cardiac output seen with the per-kilogram
model.’”

Cardiac output is used as a surrogate measure for muscle
perfusion. Onset time is a function of size. An onset time stan-
dardized to a 70 kg person using an allometric % -power model
is around 3 minutes for most long acting NMBDs. In children
with low cardiac output or decreased muscle perfusion, onset
times are prolonged. The onset time of neuromuscular paralysis
is proportional to Tj,keo. An increase in the T keo of
d-tubocurare with increasing inspired halothane concentration
has been demonstrated.”” The reason for the delayed action of
tubocurarine may be that halothane is a negative inotrope**® and
decreases muscle blood flow.'*"

PHARMACOKINETICS
The dose of NMBDs at different ages depends on the complex
interweaving of PD and PK factors. The Vd mirrors ECF changes
and can be predicted using either an allometric ¥;-power model
or the surface area model (%-power model), both of which
approximate ECF changes with weight.”

The clearance of d-tubocurarine, standardized to an allometric
or surface area model, is reduced in neonates and infants
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compared with older children and adults.*® These age-related
clearance changes follow age-related maturation of glomerular
filtration in the kidney,'” which is the elimination route of
d-tubocurarine. Total plasma clearance of other nondepolarizing
muscle relaxants cleared by renal (alcuronium) and/or hepatic
pathways (pancuronium, pipecuronium, rocuronium, and
vecuronium) are all reduced in neonates.!?*10%10141016 Ty contrast,
the clearances of atracurium and cisatracurium are neither renal-
nor hepatic-dependent but rather depend on Hofmann elimina-
tion, ester hydrolysis, and other unspecified pathways."""”
Clearance of these drugs is increased in neonates when expressed
as per kilogram.'""®1 When clearance is standardized using
allometric ¥;-power scaling, the clearances for atracurium and
cisatracurium are similar throughout all age groups. The clear-
ance of succinylcholine, expressed as per kilogram, also decreases
as age increases.”””!’ Succinylcholine is hydrolyzed by butyryl-
cholinesterase. These observations are consistent with that
observed for the clearance of remifentanil,” which is also cleared
by plasma esterases. These clearance pathways are mature at
birth.”

Conversion of d-tubocurarine half-times from chronologic
time to physiologic time is revealing. T)/,0t increases with age in
chronologic time, but in physiologic time it is the same at all
ages, as we would expect from a distribution phase standardized
by allometry. T, decreases with age in physiologic time, con-
sistent with reduced clearance related to the greater Vd in the
very young. The T,,keo is large in neonates and infants, reduced
in children, and further reduced in adults, possibly because of
increased muscle bulk and concomitant increased muscle perfu-
sion in older children and adults.

SUCCINYLCHOLINE

Succinylcholine is the only depolarizing relaxant used in chil-
dren. Infants are more resistant to its neuromuscular effects than
adults.'” Early studies demonstrated that the degree of neuro-
muscular blockade achieved by 1 mg/kg IV in infants is about
equal to that produced by 0.5 mg/kg in older children.'®? The
increase in dose requirement in younger children is thought to
result, in part, from the drug’s rapid distribution into the infant’s
large ECF volume (E-Table 6-4 and Table 6-13).

Succinylcholine remains the NMBD with the most rapid
onset. The onset time of a paralyzing dose (1.0 mg/kg) of suc-
cinylcholine is 35 to 55 seconds in children and adolescents; the
onset time after 3 mg/kg in neonates is faster (30 to 40 sec).'”
Onset time is dependent on both age and dose; the younger the
child and the greater the dose, the shorter the onset time.

As in adults, administration of a continuous infusion of suc-
cinylcholine in infants and children can result in tachyphylaxis
(increased requirement). In addition, phase II block may be pro-
duced, as evidenced by a train-of-four less than 50% (blockade
similar to that produced by nondepolarizing muscle relaxants).
In children, tachyphylaxis generally develops after administration
of about 3 mg/kg of succinylcholine, and phase II block develops
during tachyphylaxis after 4 mg/kg.?'*!%

Succinylcholine is effective when administered by the IM
route; in this instance, complete paralysis is achieved in 3 to 4
minutes. Evidence of relaxation of the respiratory muscles, as
manifest by decreased positive pressure required to ventilate by
face mask, can be detected before the abolishment of the twitch
response. A dose of 2 mg/kg IM does not achieve satisfactory
relaxation in all children, whereas the higher dose of 3 mg/kg IM
produces a mean twitch depression of 85%j; 4 mg/kg produces

TABLE 6-13 Suggested Standard Intubating Doses of
Commonly Used Relaxants in Infants and Children

Infants (mg/kg) Children (mg/kg)
Succinylcholine 3 1.52
Cisatracurium 0.1 0.1-0.2
Afracurium 0.5 0.5
Rocuronium* 0.25-0.5 0.6-1.2
Pancuronium 0.1 0.1
Vecuronium 0.07-0.1 0.1

(See text for source data.)

*Low-dose rocuronium (0.3 mg/kg) allows tracheal intubation after 3 minutes
during inhalational anesthesia in children, but then is easily antagonized in about
20 minutes. Large-dose rocuronium (1.2 mg/kg) may be used as a substitute for
succinylcholine for rapid intubation in children.

profound relaxation in all children, but its effects may last up to
20 minutes.'”” In infants younger than 6 months of age, a dose
of 5 mg/kg IM is required to achieve profound relaxation;
maximal twitch depression occurred a mean of 3.3 £ 0.4
minutes.'”® Recovery from the neuromuscular effect of IM suc-
cinylcholine is faster in infants than in children. Changes in the
heart rate after IM succinylcholine are not pronounced. Conse-
quently, routine IM administration of atropine with IM succi-
nylcholine is not generally indicated.'”” Succinylcholine has also
been administered intralingually.'®*!%?” One study examined the
time to clinical apnea in 60 children younger than 10 years of
age. Succinylcholine (1.1 mg/kg) resulted in apnea in 75 * 4
seconds when administered intralingually, in 35 + 1 seconds
when administered intravenously, and in 210 £ 17 seconds when
administered intramuscularly.’®® In that study, 8 of 10 children
given intralingual succinylcholine who did not receive concomi-
tant atropine developed an arrthythmia (primarily bradycardia).

In an emergency, an alternate route for administration of suc-
cinylcholine (3 mg/kg) when an IV line is not in place should
offer a fairly rapid onset of relaxation. Intralingual administration
with an onset of 133 sec, is significantly more rapid than after
IM injection, 295 sec.!”® Caution should be exercised, however,
when administering sublingual or intralingual medications. To
preclude an intralingual hematoma, it is advised that a 25-gauge
needle be used and the blood vessels on the undersurface of the
tongue identified to minimize the risk of puncture. Sublingual
succinylcholine is an alternative to the IV route, but it should be
preceded by a vagolytic agent to avoid arrhythmias. The submen-
tal approach would seem to avoid the potential for causing
bleeding from the tongue.

Cholinesterase Deficiency

Plasma cholinesterase (pseudocholinesterase) is a circulating gly-
coprotein that metabolizes succinylcholine into succinylmono-
choline. Activity of plasma cholinesterase may decrease as a result
of a congenital enzyme variant or an acquired cause. This enzyme
codes at the E1 locus of the long arm of chromosome 3. Ninety-
six percent of the population is homozygous for the “usual”
cholinesterase enzyme and 4% are homozygous or heterozygous
for the variant alleles.'” Five alleles code for the majority
of cholinesterase enzyme: (1) normal cholinesterase enzyme,
which is designated by “usual” (E"); (2) decreased cholinesterase
activity or quantity, which is designated as atypical (E*) (homo-
zygote in 1:3000 to 1:10,000); (3) fluoride resistant allele (Ef)
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E-TABLE 6-4 Effective Doses (EDgs, 1g/kg) of Commonly

Used Relaxants in Neonates, Infants, Children,

and Adults
Neonates Infants Children Adults

Succinylcholine 620 729 423 290
Atfracurium 120 156-175 170-350 110-280
Vecuronium 47 42-47 56-80 27-56
Rocuronium ND 255 402 350
Cisatracurium ND ND 4] 3250
Pancuronium ND 55-92 55-81 50-70

See text for details.
EDys, Dose that achieves 95% of the maximum response; ND, no published data
at the time of writing this chapter.



(homozygote in 1:150,000); (4) silent allele (E°) (homozygote
1:10,000); and (5) the Cynthiana (Cs) or Neitlich variant, which
is associated with an increase in (or rapid) cholinesterase activ-
ity.'®! Variations on the silent gene have been detected in Eskimo
populations with three variants labeled: S for silent, T for trace,
and R for residual. The duration of succinylcholine in children
who are homozygous for the silent gene may be up to 6 to 8
hours. Additional genetic variants of pseudocholinesterase have
been identified, including types H, J, and K, which represent a
60%, 66%, and 30% reduction in enzyme activity, respectively.'”’
Evidence suggests that K variant occurs in 13% of the random
population and that K/K homozygous variant may be present in
1:63 population, one of the most common variants with a dura-
tion of prolonged blockade of less than 1 hour. Moreover, K
variants have occurred in the presence of other mutations sug-
gesting that multiple mutations may be present in the same
patient.

Heterozygote atypical (E'E?), which occurs in 1:30 of the
population, may prolong neuromuscular blockade by only a few
minutes and may go undetected. In contrast, homozygote atypi-
cal (E'E?), which occurs in approximately 1:3000 population,
may cause paralysis for up to 1 hour after a single dose of suc-
cinylcholine. Of the genetic variants of cholinesterase, silent gene
(E°) confers the least plasma cholinesterase activity and therefore
the most prolonged duration of paralysis. Homozygote (E'E’)
occurs in 1:10,000 population and may result in 8 hours of
paralysis. Plasma cholinesterase activity is more often diminished
when a genetic variant is present, but a number of clinical condi-
tions may also reduce its activity. These include severe liver
disease, malnutrition, organophosphate poisoning, severe burns,
renal failure, plasmapheresis, and medications (cyclophospha-
mide, echothiophate iodide, oral contraceptives),'?3%10321033
Several conditions are associated with increases in plasma cho-
linesterase activity, including thyroid disease, obesity, nephrotic
syndrome, and cognitively challenged children.!®%103+103¢

Plasma cholinesterase activity is determined by the percent
inhibition of benzyl choline degradation by the amide local
anesthetic dibucaine when it is incubated with a sample of
plasma. With the homozygous normal allele (E'E"), dibucaine
profoundly inhibits plasma cholinesterase activity (approximately
80%), whereas with the homozygous atypical allele (E'EY), it
inhibits the activity by only 20%. When fluoride is added to the
plasma, fluoride inhibits E“E* 60% but inhibits E'Ef only 36%.
Thus, a low dibucaine number indicates a deficiency of plasma
cholinesterase.

Adverse Effects of Succinylcholine

Temporomandibular Joint Stiffness

IV succinylcholine is infrequently associated with an increase in
masseter muscle tone that limits mouth opening (trismus), par-
ticularly when given during halothane anesthesia. The incidence
of isolated trismus when IV succinylcholine is administered
during halothane anesthesia, 0.3% to 1%, is severalfold greater
than that after IV thiopental and succinylcholine, 0/4457 (upper
95% confidence of 7/10,000)."%7%*% The increase in masseter
muscle tone after succinylcholine is transient, lasting for only a
few minutes and occurring despite abolition of the evoked twitch
response in the masseter and peripheral muscles. The increase in
masseter muscle tone is usually mild and can be overcome by
manually distracting the mandible.'”” However, on rare occa-
sions, the increase in muscle tone may be so severe that mouth
opening is impossible, thus interfering or preventing tracheal
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intubation. Whether this increased tone is related to the “trismus”
(so-called “jaws of steel”) (see Fig. 40-2) encountered in children
with MH remains a matter of debate.'”™® Prospective studies
designed to evaluate masseter muscle tone have failed to demon-
strate a child with a marked increase in masseter tone who
later developed evidence of MH.!*"1%? In several retrospective
reports, however, a number of children experienced severe trismus
and did develop or have a positive test response for MH.'1043
These studies failed to clarify how best to proceed when severe
trismus occurs. Some advocate canceling the surgical procedure,
treating the child as susceptible to MH, and recommending a
muscle biopsy.'**!* This recommendation is based on a 50%
incidence of positive muscle biopsies for MH in children who
developed severe trismus after succinylcholine. Others advocate
continuing the procedure, avoiding further exposure to triggering
agents by changing the anesthetic technique to one that is free
of triggers, observing for signs of MH (e.g., increased CO, pro-
duction or tachycardia), and, if indicated, initiating arterial and
central venous blood gas sampling, as well as early treat-
ment.'**%8 Finally, others have advocated continuing with the
original triggering anesthetic while monitoring for signs of
MH.'"” For the most part, this entire issue has become moot
because sevoflurane has supplanted halothane as the primary
inhaled anesthetic in children and the FDA issued a “black box”
warning regarding the routine use of succinylcholine for tracheal
intubation in children. Curiously, the now widespread use of
nondepolarizing relaxants has generated several purported reports
of masseter muscle rigidity after use of these agents. Whether
these cases actually represent nondepolarizing relaxant-induced
masseter spasm or a combination of light anesthesia and incom-
plete muscle relaxation is unclear.'**1%!

Arrhythmias

The molecular structure of succinylcholine resembles that of two
acetylcholine molecules joined by an ester linkage. The conse-
quent stimulation of cholinergic autonomic receptors can be
associated with cardiac arrhythmias, increased salivation, and
bronchial secretions. Changes in heart rate are frequently
observed after treatment with succinylcholine. Heart rate usually
increases transiently and this response appears to be more pro-
nounced in the presence of sevoflurane than halothane.**
Succinylcholine-associated arrhythmias are rarely a result of ven-
tricular irritability. Prior IV administration of an anticholinergic
agent (e.g., atropine) markedly decreases, but does not com-
pletely abolish, the incidence of these arthythmias.!®® As in
adults, the incidence and severity of these irregularities in heart
rate increase after a second dose.'®”!%* Of greater concern is the
occasional bradycardia and asystole after a single dose in chil-
dren.'” Accordingly, it is reccommended that a vagolytic agent
precede the IV administration of succinylcholine unless there is
a contraindication to such medications.

Hyperkalemia

Succinylcholine-induced muscle fasciculation is also associated
with mild hyperkalemia, increased intragastric and intraocular
pressure, and skeletal muscle pains; rhabdomyolysis and myoglo-
binemia may occur in those patients suffering neuromuscular
disorders. These disorders are not always diagnosable in neonates.
Congenital myotonic dystrophy, for example, may present with
mild respiratory dysfunction or feeding difficulty in the neonate.
The response to succinylcholine in these neonates, however,
remains dramatic, with sustained muscle contraction.'®
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The serum potassium concentration increases 1 mEq/L or less
after IV succinylcholine in normal children; this increase does not
cause arrhythmias.'”® However, life-threatening hyperkalemia can
occur after a single IV dose of succinylcholine in children with
burns (more than 8% body surface area burn), those who are
immobile, or who have chronic infections (including intra-
abdominal sepsis and Clostridium), upper motor neuron lesions
(e.g., paraplegia, encephalitis), lower motor neuron lesions
(e.g., tetanus, neuropathy complicating nephropathy), crush inju-
ries, and neuromuscular diseases (including Werdnig-Hoffman
disease).'1% In these situations, direct denervation injury or a
pseudo-denervation state (immobilization) leads to a proliferation
of extrajunctional normal acetylcholine receptors, as well as pro-
liferation of immature (containing Y subunits) and nicotinic (neu-
ronal) acetylcholine receptors, along the muscle membrane, so
that the entire muscle becomes capable of releasing potassium
during depolarization.'®* These immature and nicotinic acetyl-
choline receptors release more intracellular potassium and for a
longer period after the channels open, than do the usual acetyl-
choline receptors. The presence of extrajunctional receptors has
been documented within several hours of injury, although clini-
cally significant hyperkalemia does not seem to occur until 1 to 3
days after injury. Thus, administration of succinylcholine to chil-
dren with these injuries may result in a massive efflux of intracel-
lular potassium, leading to a cardiac arrest.' In contrast to these
acquired conditions, children who are born spastic quadriparetic
from cerebral palsy or those with a myelomeningocele respond
with a normal increase in serum potassium concentration (less
than 1 mEq/L) after IV administration of succinylcholine.!%¢>%"
The definitive treatment of succinylcholine-induced hyperkalemia
is IV calcium (10 mg/kg calcium chloride or 30 mg/kg calcium
gluconate or more). This restores the gap between the resting
membrane potential of the cardiac cells and the threshold poten-
tial for depolarization. Repeated doses of calcium may be required,
together with cardiopulmonary resuscitation, epinephrine, sodium
bicarbonate, hyperventilation, inhaled albuterol (or intravenous
salbutamol), or glucose and insulin, until the arrhythmias abate.
Defibrillation of the heart has no role in this circumstance. Suc-
cessful treatment of hyperkalemia might require a very prolonged
resuscitation. Sodium polystyrene sulfonate by nasogastric or
rectal administration may be required for leaching potassium after
acute redistribution between extracellular and intracellular spaces
by the above measures (see Chapters 8, 26, and 39).

Biochemical Changes

Serum creatine kinase concentrations may increase after admin-
istration of succinylcholine in the presence of inhalational agents,
especially halothane.'® This increase is less pronounced during
a thiopental-nitrous oxide anesthetic but more pronounced in
children with neuromuscular disease.'”’ After a malignant hyper-
thermia reaction, creatine kinase reaches its peak 12 to 18 hours
after the onset of the reaction. It may also be found in association
with a “jaws of steel” response to succinylcholine.

Rbabdomyolysis

Rhabdomyolysis can occur after halothane or sevoflurane,
even in the absence of succinylcholine as in the case of Duchenne
and Becker muscular dystrophy. Isolated rhabdomyolysis or rhab-
domyolysis in combination with hyperkalemia as in the case of
Duchenne muscular dystrophy, requires hyperhydration with
alkalinization of the urine to prevent acute tubular necrosis from
deposition of myoglobin.
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Myoglobinemia
Myoglobinemia, another sensitive indicator of muscle injury,
may occur after succinylcholine treatment, but rarely leads to
myoglobinurea (i.e., “cola®-colored urine).'”" If it occurs, it
should be aggressively treated as described previously for
rhabdomyolysis.

Fasciculations

Fasciculations are usually observed in adolescents and children
but rarely in infants; in children 1 to 3 years old they are described
as gross muscle movements.'%%!”? Pretreatment with small doses
of succinylcholine (100 pug/kg), pancuronium (20 pg/kg), fen-
tanyl (1 to 2 pg/kg), or alfentanil (50 pg/kg) may decrease the
frequency and intensity of the fasciculations and the consequent
rise of intragastric pressure.'*®!>1% This increase in intragastric
pressure, however, is offset by the increase in skeletal muscle tone
of the crura of the diaphragm, thereby actually increasing the
barrier to regurgitation.

Intraocular Pressure

Intraocular pressure increases transiently in children after IV suc-
cinylcholine independent of the presence of fasciculations.'””®
The exact mechanism of this increase in IOP is not clear. Initially,
the increase in IOP was attributed to tonic contractions of extra-
ocular muscles but it is probably because of the cycloplegic
action of succinylcholine, with deepening of the anterior
chamber and increased outflow resistance. The IOP usually
increases by about 10 mm Hg, peaks in 2 to 3 minutes, and then
returns to baseline in 5 to 7 minutes.'” It is advisable to perform
applanation tonometry before succinylcholine, or wait at least 7
minutes after succinylcholine before performing tonometry
in children. Although the use of succinylcholine in children
with open eye injuries has not resulted in further damage to
the eye,'” it is nonetheless prudent to refrain from its use in
situations of penetrating ocular wounds unless the eye is not
salvageable. High-dose rocuronium (1.2 mg/kg) is a reasonable
substitute for succinylcholine rapid-sequence intubation in these
circumstances.'””®

Clinical Uses of Succinylcholine
The use of succinylcholine for routine surgical procedures in
children has been abandoned, primarily because of the rare but
life-threatening possibility of cardiac arrest in male children with
undiagnosed muscular dystrophy.'””!% On the other hand, suc-
cinylcholine does have the most rapid onset and brief duration
of action of all currently available muscle relaxants. Conse-
quently, succinylcholine is desirable for rapid-sequence tracheal
intubation for brief procedures and for the treatment of laryngo-
spasm.'0210811982 Becayse the rapidity of onset is dose related,
1.5 to 2.0 mg/kg IV succinylcholine should be administered to
children to depress the neuromuscular twitch 95% within 40
seconds; the smaller dose of 1.0 mg/kg would achieve the same
degree of depression in about 50 seconds.'*”'®! In infants
younger than 1 year of age, 3 mg/kg IV would be an appropriate
dose because of the larger Vd. These doses provide excellent
intubating conditions in all children.'” To decrease the inci-
dence of arrhythmias after succinylcholine (particularly after a
second dose), atropine 0.01 to 0.02 mg/kg IV should precede
the succinylcholine.

In 1993 the FDA issued a “black box” warning against the
routine use of succinylcholine in children and adolescents except
for emergency airway management. This was based on several



case reports of hyperkalemic cardiac arrests, primarily in children
with undiagnosed Duchenne muscular dystrophy."”® The dis-
turbing observation about this complication was the staggering
mortality rate of 55%. Almost all of these cases, however,
occurred in male children 8 years old and younger. In many
instances the arrhythmias were misdiagnosed as MH and not
treated with IV calcium in a timely manner. Subsequently, the
FDA and the manufacturer revised the product label (package
insert) to read:

Stnce there may be no signs or symptoms to alert the practitioner
to which patients are at risk, it is recommended that the use of
succinylcholine should be reserved for emergency intubation or in
instances where immediate securing of the airway is necessary, e.g.,
laryngospasm, difficult airway, full stomach, of for intramuscular
route when a suitable vein in inaccessible.

In cases in which the child has eaten and is at risk for a hyper-
kalemic response to succinylcholine, a standard rapid-sequence
intubation with equivalent intubation conditions may be per-
formed using high-dose rocuronium (1.2 mg/kg).'”® The main
disadvantage of using a nondepolarizing relaxant is that the dura-
tion of the nondepolarizing relaxant may exceed the duration of
the planned procedure. A new agent that antagonizes rocuronium
(sugammadex) will likely solve the dilemma and allow rapid
intubation with rocuronium, even for brief emergency proce-
dures, while avoiding the need to use succinylcholine (see later
discussion).!%10%7

Intermediate-Acting Nondepolarizing
Relaxants
ATRACURIUM

Chemically, atracurium (Tracrium) is an imidazoline bisquater-
nary compound that undergoes spontaneous decomposition into
inactive metabolites. At physiologic (alkaline) pH, it undergoes
enzymatic hydrolysis independent of plasma cholinesterase
(Hofmann elimination), ester hydrolysis, and other unspecified
pathways.”"” In blood and other tissue fluids, the quaternary
ammonium compound breaks down primarily into laudanosine
and a related quaternary acid (methylacrylate). The elimination
half-life of atracurium is similar in infants and children (14 to
20 minutes). The steady state plasma concentration resulting in
50% neuromuscular block (ECsg) did not differ between infants,
children, or adults (363, 444, or 436 ng/mL, respectively).'*®

For intubating purposes, two to three times the EDy; (300 to
600 pg/kg) is given to produce effective blockade in most chil-
dren.'®1%% Such doses provide satisfactory conditions for intu-
bation within 2 minutes. The period of absence of twitch response
after an intubating dose of atracurium usually lasts 15 to
30 minutes. Hence, in clinical situations, an intubating dose
should provide complete neuromuscular blockade for such an
interval, followed by another 20 minutes of intermediate block-
ade (twitch height 5% to 25%); complete recovery usually occurs
within 40 to 60 minutes. Comparison of data from children and
adults demonstrate that children require more atracurium per
kilogram and generally recover faster. This difference, however,
is relatively small and is masked in most cases by the wide range
of individual patient responses.

Because atracurium is degraded spontaneously, and its meta-
bolites do not have neuromuscular blocking properties, it can be
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easily administered by continuous infusion. The infusion require-
ment to maintain 90% to 99% twitch depression in children is
6 ng/kg/min during isoflurane anesthesia, 7 to 8 pg/kg/min with
halothane, and 9 pg/kg/min with a N,O:0, opioid tech-
nique.**® No significant differences in the Vd, clearance, or
half-lives have been detected for atracurium between normal
infants and children with impaired hepatic function.'”® Plasma
laudanosine concentrations tend to be greater in children with
hepatic impairment than in children with normal hepatic
function.'”*®

The side effects of atracurium are minimal. At clinical doses
of up to 600 pg/kg, the compound does not significantly alter
the heart rate or BP in children. Mild cutaneous flushing
reactions are sometimes observed.'®® Extremely rare instances
of anaphylactoid reactions or bronchospasm have been reported.

CISATRACURIUM

Cisatracurium (Nimbex) is one of the 10 stereoisomers of atra-
curium (1R-cis, 1’R-cis). Cisatracurium is three times more potent
than atracurium, with the same duration of action.'”® Similar to
other nondepolarizing relaxants, its onset can be accelerated by
increasing the dose (see E-Table 6-4 and Table 6-13); as with the
other relaxants, this will increase the duration of the action. Cisa-
tracurium, like atracurium, is a noncumulative agent with recov-
ery occurring during the elimination phase rather than during
the distribution phase.

Cisatracurium has a slightly slower onset of action than atra-
curium, consistent with its relative potency. Twice the EDys dose
(80 pg/kg) of cisatracurium leads to complete suppression of the
twitch response in 2.5 minutes. The recovery to 25% and
95% of control response occurs in 31 and 53 minutes, respec-
tively.'"1% Its histamine-releasing effects are minimal; its dura-
tion and recovery profile are essentially the same as atracurium.

The distribution and elimination half-lives of cisatracurium
in children are 3.5 and 23 minutes, respectively. The Vdss and
the total body clearance are greater (expressed as mg/kg, see
Fig. 6-4) than in adults, thus explaining the faster recovery in
children.'™ In adults with renal failure, the clearance of cisatra-
curium is reduced by 13%; plasma laudanosine levels were greater
but were only about 10% of those reported with atracurium.'®*
The duration of action of cisatracurium in renal failure patients
is not significantly prolonged.'*” It should be noted that patients
receiving chronic anticonvulsant therapy (carbamazepine or phe-
nytoin) can develop a moderate resistance to the action of
cisatracurium.'”

VECURONIUM

Vecuronium is the monoquaternary homologue of pancuronium
in which the methyl group of the 2B-nitrogen atom is absent.
The Vd is greater in infants than in children (357 £ 70 vs. 204 +
116 mL/kg), whereas plasma clearances are similar (5.6 £ 1.0 vs.
5.9 + 2.4 mL/kg/min).""”

Its primary advantage is the absence of any adverse cardiovas-
cular effects even in doses several times greater than the usually
recommended clinical doses (see E-Table 6-4 and Table 6-13).1%
Vecuronium is primarily metabolized by the liver and excreted
in bile.'””® Dose requirements according to age groups are much
more pronounced (more than 50%), with a biphasic distribution
of the dose requirement and duration of action; infants younger
than 1 year of age are significantly more sensitive to the action
of vecuronium than are older children. As adolescence is reached,
the requirement diminishes to that of adults.'0"1006109%.1100
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However, on rare occasions there may be resistance to vecuronium
in neonates.''"'

Neuromuscular blockers are often administered to critically ill
children. Vecuronium has been popular because of the absence
of cardiovascular side effects and because its metabolites do not
seem to have CNS effects. However, adult and pediatric patients
in ICUs have had residual weakness after the discontinuation of
vecuronium, possibly contributed by active 3-OH metabolite or
its steroid-like structure.''®** In one study in which the rate of
infusion was adjusted by accelerometry, all children recovered
within 1 hour. Of note in these children, the requirements of
neonates and small infants was 45% less than those of older
children."® In this respect, cisatracurium seems to offer an
advantage because its recovery from prolonged infusion in chil-
dren is faster than that of vecuronium.''*

ROCURONIUM
Rocuronium (Zemuron) is a monoquaternary steroidal muscle
relaxant similar to vecuronium. It has the fastest onset of action
of the intermediate-acting nondepolarizing relaxants because of
its low potency and greater dose requirements."'” The onset time
of rocuronium is 1 to 1.5 minutes following a 2 X EDys dose;
this is 20 to 70 seconds faster than vecuronium, although its
duration of action is similar.'"® Rocuronium is eliminated pri-
marily by the liver; the kidney excretes about 10%."%!1"* Renal
failure does not affect the onset of rocuronium-induced neuro-
muscular blockade in adults or children. However, it may prolong
the duration of action of rocuronium in adults, a finding not
shared for children older than 1 year of age.!/!!1L114

Rocuronium has an EDy; of 303 ug/kg in children during
halothane anesthesia,''"> with slightly greater doses required
during N,O:O, opioid anesthesia.''"!""® After the administration
of 600 pg/kg rocuronium (2 x EDys), 90% and 100% neuromus-
cular block occurred in 0.8 and 1.3 minutes (see E-Table 6-4 and
Table 6-13). At this dose, heart rate increased by approximately
15 beats per minute in children. The mean time to recover to
25% of control was approximately 28 minutes, and recovery to
90% of control was 46 minutes.''®

For brief cases in which children are anesthetized with
8% inspired sevoflurane, 0.3 mg/kg rocuronium yields satisfac-
tory intubating conditions within 2 to 3 minutes."'”” This dose
of rocuronium can be antagonized within approximately
20 minutes of administration.'"* The intubating conditions after
rocuronium (600 pg/kg) have been compared with those after
vecuronium (100 pg/kg), atracurium (500 pg/kg), and succinyl-
choline (1 mg/kg). It was found that tracheal intubation could
be performed within 60 seconds in all the children who had
received rocuronium or succinylcholine, but not until
120 seconds after vecuronium and 180 seconds after atracu-
rium.?*1"21 The intubating conditions at 60 seconds are
improved by increasing the dose''”; by increasing the dose to
1.2 mg/kg (3 to 4 x EDy;), the intubating conditions are similar
to those after treatment with succinylcholine.'”*!"'® At the larger
doses, heart rate increases transiently, while systolic and diastolic
pressures are unchanged.''">!'? It is unclear whether this increase
in heart rate after rocuronium is the result of pain on injection
or an inherent chronotropic effect.'” Dosing studies in infants
2 to 11 months of age demonstrated a slightly faster onset of
neuromuscular blockade than in older children with the same
dose (600 pg/kg). The times to 90% and 100% twitch depression
were 37 and 64 seconds, respectively. In infants, the rate of

onset of neuromuscular blockade 60 seconds after rocuronium
is comparable to that after succinylcholine.''™*!"* Neonates
appear to be more sensitive to rocuronium than older infants.!'?
In neonates, the duration of action of 600 pg/kg is approximately
90 minutes and there is marked patient-to-patient variability.
Consequently, 450 pg/kg rocuronium provides adequate intu-
bating conditions, with a duration of action of approximately
1 hour."™®

In a PK study, the clearance of rocuronium in infants was
less than in children (4 vs 7 mL/kg/min), whereas the Vd was
greater in infants. The mean residence time was 56 minutes in
infants versus 26 minutes in children, thus explaining the pro-
longed duration of action of rocuronium in infants compared
with children. In a steady-state target-controlled infusion study,
the potency of rocuronium was greatest in infants, least in
children, and intermediate in adults.""* The greater plasma clear-
ance and smaller Vd of rocuronium in children compared with
infants and adults result in a markedly smaller mean residence
time and a decreased duration of neuromuscular blockade.'*”
Consistent with the dose-response effects of curare and
vecuronium in infants, smaller plasma concentrations of
rocuronium are required in the effect compartment in infants
than in children to produce the same degree of neuromuscular
blockade.*® Sevoflurane markedly potentiates the effects of
rocuronium."?

If an IV route is unavailable, the IM route for rocuronium
is a reasonable alternative; IM rocuronium (1.8 mg/kg, 3 X
the IV intubating dose) provided poor intubating conditions
4 minutes after administration in most children. Neuromuscular
blockade (greater than 98%) was achieved in 6 to 8 minutes.'?
The bioavailability of IM rocuronium at these doses is approxi-
mately 80%'"'*’; IM rocuronium appears to be a viable alternative
to IM succinylcholine although the time of onset of neuromus-
cular blockade is very slow and may not be appropriate for
emergent situations. The duration of IM rocuronium effect
(approximately 80 + 22 minutes) is much greater than that after
IM succinylcholine.'?

CLINICAL IMPLICATIONS WHEN USING SHORT-

AND INTERMEDIATE-ACTING RELAXANTS

Short- and intermediate-acting relaxants have great utility
in infants and children because of the large number of brief sur-
gical procedures performed. Because of their short duration of
action, these drugs can be given in one intubating dose (atracu-
rium [500 pg/kg]; cisatracurium [200 pg/kg]; vecuronium
[100 pg/kg]; rocuronium [600 pg/kg]) and a light anesthetic
level maintained throughout the procedure. If more than
45 minutes elapse since the last dose of one of these neuromus-
cular blockers, one may reasonably assume that neuromuscular
function has nearly recovered, but safe practice would recom-
mend confirming recovery of neuromuscular integrity by clinical signs
or by assessment with a neuromuscular blockade monitor. We recommend
antagonism in all infants despite clinical signs of recovery.

The benzylisoquinoliniums and organosteroidal NMBDs are
acidic compounds (pH 3 to 4) that can precipitate thiopental (pH
10 to 11) if admixed."”® Consequently, when these drugs are
administered in tandem, the IV tubing should be thoroughly
flushed between the thiopental and these relaxants. Vecuronium
and rocuronium are painful when administered intravenously in
a small vein during the light stages of anesthetic. This pain is
usually demonstrated by withdrawal of the hand. Pain can be



attenuated by deepening the level of anesthesia or pretreating
with fentanyl, lidocaine, or ketamine.'"!!32

Long-Acting Nondepolarizing Relaxants

For almost half a century the mainstay of muscle relaxants was
curare (d-tubocurarine). After the development of intermediate
relaxants, its use diminished because its duration of action was
too great for most surgeries, and large doses released histamine.
Curare is no longer available.

Following curare, several long-acting relaxants with minimal
adverse effects were developed. These included metocurine, pipe-
curonium, and doxacurium, which are two, four, and ten times
as potent as curare, respectively. The only long-acting relaxant
that is still used in some institutions is pancuronium.

PANCURONIUM
Pancuronium bromide (Pavulon) is a bisquaternary ammonium
steroidal compound with nondepolarizing neuromuscular block-
ing properties. Pancuronium undergoes partial (15% to 20%)
hepatic deacetylation to produce 3-OH, 17-OH, and 3,17-di-OH
metabolites. A prolongation of effect can be expected in patients
with renal or hepatic failure because a major proportion of pan-
curonium is excreted in the urine (40% to 60%) and in the bile
(11%). Vd (203 £ 36 mL/kg) and plasma clearance (1.7 £ 0.2 mL/
kg/min) of pancuronium (0.1 mg/kg) are associated with a long
elimination half-life (103 + 23 min) in children (3 to 6 years)
under halothane anesthesia.'’*® It is more potent than curare,
metocurine, and gallamine, with a slightly shorter duration of
action.'™ Tt induces mild tachycardia by blocking presynaptic
noradrenaline uptake (increased cardiac output in infants) but
has no histamine-releasing properties. As a result, systolic BP
tends to increase.'"*> Pancuronium (100 pg/kg) provides satisfac-
tory conditions for tracheal intubation in 70% to 90% of infants
and children within 150 seconds of administration. Increasing
the initial dose to 150 pg/kg provides satisfactory intubating
conditions in all children within 80 seconds (see E-Table 6-4 and
Table 6-13).108:113¢

Pancuronium is frequently advocated for cardiac surgery and
other high-risk procedures in infants and children. The anesthetic
technique of combining a high-dose opioid with air-oxygen-
pancuronium is well tolerated by infants, from a cardiovascular
perspective. The vagolytic effect (tachycardia) of pancuronium
counteracts the vagotonic effect (bradycardia) of potent opioids,
and its relaxant properties counteract opioid-induced chest wall
and glottic rigidity.""”” Pancuronium has been used to facilitate
ventilation in preterm infants in neonatal ICUs."** Because pan-
curonium increases the heart rate, BP, and plasma epinephrine
and norepinephrine levels in neonates, there is some concern
that it may contribute to the risk of an intracerebral hemor-
rhage."® Accordingly, it would seem prudent to administer pan-
curonium with either general anesthesia or with adequate
sedation, to blunt adverse cardiovascular responses. Vecuronium
may offer an advantage over pancuronium because it does not
significantly increase the BP.'*!"** Nasotracheal intubation or
intratracheal suctioning in neonates who are paralyzed with pan-
curonium results in smaller increases in intracranial pressure than
in neonates who are not paralyzed.'"**!'* By abolishing fluctua-
tions in cerebral blood flow through the use of muscle relaxants,
the incidence and severity of intraventricular hemorrhages should
theoretically be reduced.
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Antagonism of Muscle Relaxants

GENERAL PRINCIPLES

In children and especially infants, oxygen consumption is greater
than it is in adults. Therefore, a slight diminution in respiratory
muscle power may lead to hypoxemia and CO, retention. Con-
sequently, it is very important that neuromuscular function is
returned to normal at the end of the surgical procedure. Neonates
are at greater risk for residual neuromuscular blockade than adults
for several reasons, including (1) immaturity of the neuromuscu-
lar system, (2) greater elimination half-life of relaxants, (3) the
reduced number of type I muscle fibers in the ventilatory mus-
culature (thus being more susceptible to fatigue [see Chapter 12,
Fig. 12-11]), and (4) the closing lung volume of a neonate
overlaps with the tidal volume (i.e., airway closure occurs at the
end of expiration)."*® If respiration is mildly impaired as a result
of residual muscle paralysis, even more alveoli will collapse. The
result may be hypoxemia as well as hypercarbia and acidosis,
which may potentiate and prolong the duration of action of the
muscle relaxant, thus creating a vicious cycle.

When monitoring neuromuscular blockade in infants and
children, train-of-four monitoring of the adductor pollicis over-
estimates the degree of neuromuscular blockade in the dia-
phragm.”® Larger doses of muscle relaxants are required to block
the diaphragm than the adductor pollicis train-of-four would
suggest. Therefore, if the train-of-four of the adductor has fully
recovered, one can assume that the diaphragm has fully
recovered.

Clinical evaluation of the adequacy of antagonism in infants
is more difficult than in children or adults. Neither grip strength
nor voluntary head lifting can be elicited; rather, it is important
when working with infants to observe the clinical conditions
preoperatively (muscle tone, depth of respiration, vigor of crying)
and to aim for a comparable level of activity in the postantago-
nism period. Useful clinical signs that the neuromuscular block-
ade has been antagonized include the ability to flex the hips, flex
the arm, lift the legs, and the return of abdominal muscle tone.'™*
Inspiratory force may be measured; a negative force of —25 cm
H,O or greater indicates adequate antagonism.''*® A crying vital
capacity greater than 15 mL/kg indicates an adequate respiratory
reserve. The train-of-four is a valuable aid because it can be used
in the smallest of infants in whom the force of contraction can
easily be palpated (four equal contractions indicating adequate
antagonism).

Although edrophonium may establish a faster onset of effect,
final recovery is invariably greater with neostigmine, which is why
the latter is recommended for routine pediatric practice.'**!*
The distribution volumes of neostigmine are similar in infants (2
to 10 months), children (1 to 6 years), and adults (Vdss 0.5 L/kg),
whereas the elimination half-life is less in children.'"' Clearance
decreases as age increases (13.6, 11.1, 9.6 mL/min/kg in infants,
children, and adults 29 to 48 years, respectively).""”" The dose
requirement of anticholinesterase agents to antagonize neuro-
muscular blockade in children is less than adults.!"' However,
the speed of antagonism depends on the extent of neuromuscular
blockade at the time of the antagonism, as well as the type and
dose of antagonizing agent. In the presence of train-of-four
responses with fade, 20 to 25 png/kg of neostigmine, preceded by
10 to 20 pg/kg of atropine or 5 to 10 ug/kg of glycopyrrolate, is
sufficient to achieve full recovery of muscle strength. This dose
of neostigmine can be repeated if required (up to 70 pg/kg).
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Doses of neostigmine in excess of 100 pg/kg may induce a para-
doxical weakness from excessive acetylcholine at the neuromus-
cular junction. The dose of edrophonium for children is greater
than it is for adults; at least 0.3 mg/kg is needed, but 0.5 to
1.0 mg/kg is most common.!*0-1152115%

Some have suggested that it is not necessary to antagonize
intermediate-acting relaxants, particularly if a lengthy time inter-
val has elapsed since the last dose. With the advent of reliable
neuromuscular monitors and their use in conjunction with
clinical observations and measurements of respiratory adequacy,
clinicians are more confident that antagonism was not always
required. This may be particularly appropriate for the short- and
intermediate-acting relaxants, particularly atracurium or cisatra-
curium, which are hydrolyzed in plasma. Children have the
additional advantage of recovering from neuromuscular blockade
more rapidly than adults.""**'"** In infants, the elimination of all
muscle relaxants might be delayed, necessitating antagonism of
any neuromuscular blockade. Most importantly, if there is any
concern that some degree of neuromuscular blockade persists,
then the blockade must be antagonized.

Hypothermia potentiates the action of most nondepolarizing
muscle relaxants and delays their elimination.'*® This effect can
create a special problem at the end of a surgical procedure when
the children attempt to resume spontaneous respirations. Shiver-
ing increases oxygen consumption and augments the load on the
respiratory system. If the respiratory muscles are unable to match
this increased load, hypoxemia and CO, retention may occur,
which, in turn, may lead to acidosis, which, again, may potentiate
the relaxant. To avoid the extra cardiorespiratory load in a post-
surgical infant, it is reasonable to warm the infant if the tempera-
ture is less than 35° C (95° F). Once the core temperature is
above this level, antagonism of neuromuscular blockade may be
attempted.

Theoretically, all antibiotics have neuromuscular depressing
properties when administered in association with relaxants.'*”
Among the antibiotics, aminoglycoside derivatives, such as gen-
tamicin, tobramycin, and neomycin, have the greatest effect. A
single clinical dose of antibiotic will likely have minimal effect
on the neuromuscular blockade.'”*® This factor alone does not
rule out the possibility that large concentrations of antibiotics,
especially in the presence of other potentiating factors, may
augment the neuromuscular blockade. The clinical importance
of the interaction of antibiotics with muscle relaxants to prolong
neuromuscular blockade has diminished with the introduction
of intermediate-acting neuromuscular blocking agents.

SUGAMMADEX

Sugammadex (Org 25969), a member of the cyclodextrin family,
is a cyclic oligosaccharide!® with hydrophobic molecules
within the center (Fig. 6-20).""°*'"! This compound encapsulates

rocuronium, and vecuronium to a lesser degree, and forms a
stable complex that prevents further action of the relaxants;
the complex is then excreted unchanged by the kidneys. The
chemical encapsulation decreases the plasma concentration of
rocuronium, thus promoting the dissociation of rocuronium
from the acetylcholine receptor, speeding recovery of muscle
strength. As more rocuronium dissociates from the receptor, it,
too, is encapsulated, thus reversing even very intense neuromus-
cular blockade from rocuronium. Three minutes after 0.6 mg/kg
rocuronium produced profound neuromuscular block in adult
volunteers, a single dose of sugammadex, 2 mg/kg or greater,
reversed the neuromuscular block within 2 minutes.''”> An early
sugammadex study in children suggests that sugammadex, at
2 mg/kg, reverses a rocuronium-induced moderate neuromuscu-
lar blockade in infants, children, and adolescents.'®® The average
time to recover a train-of-four ratio of 0.9 at the time of appear-
ance of the second twitch response was 1.2, 1.1, and 1.2 minutes
in children, adolescents, and adults, respectively. If further clini-
cal trials confirm the safety and efficacy of this new concept, and
studies in children demonstrate safety and efficacy, then sugam-
madex may be effective in antagonizing large doses of rocuronium
rapidly, efficiently, and soon after the onset of neuromuscular
blockade.*!**" Sugammadex rapidly antagonizes even intense
neuromuscular blockade in adults, in whom no twitches were
observed.""*"!"® The rapidity of the reversal depends on both the
intensity of the block and the dose of sugammadex,'%*108¢.1169
Under these circumstances, rocuronium might then supplant
succinylcholine in many circumstances, including rapid-sequence
intubations for brief procedures in children.!*"!!7

However, two impediments have prevented the widespread
use of sugammadex. First, there is some evidence that sugam-
madex may trigger allergic or anaphylactic reactions.'”! This has
halted the approval of sugammadex in North America. Second,
sugammadex is not used for routine reversal because it is
extremely expensive. This is quite unfortunate, as the incidence
of hyperkalemia or MH induced by succinylcholine would likely
have decreased to near zero if we could routinely substitute high-
dose rocuronium without fear of prolonged neuromuscular
blockade. The expense of sugammadex has put this medication
out of financial practicality for routine use in nearly every health-
care facility in the world.!"”* Table 6-14 illustrates the approximate
cost for reversal of various levels of blockade for several weight
ranges. In contrast, reversal with current medications costs very
little compared with the expense for similar antagonism with
sugammadex. This renders sugammadex a rescue drug only. Data
suggest that this drug could be used for rescue of a cannot-
intubate/cannot-ventilate situation after administration of a rapid
intubating dose of rocuronium (1.2 mg/kg) within 2 minutes,
compared with the time for the effects of succinylcholine to
abate.1087,1164

FIGURE 6-20 X-ray crystallography of (A) the rocuronium molecule (shown in blue) and (B) sugammadex (green ring). C, The 3-D conformation of the
rocuronium molecule complements the conformation of the inner ring of sugammadex. The rocuronium-sugammadex complex is stable, without a
dissociation constant, and is excreted unchanged via the kidneys. (Redrawn from Gijsenbergh F, Ramael S, Houwing N, van IT. First human exposure of
Org 25969, a novel agent to reverse the action of rocuronium bromide. Anesthesiology 2005;103:695-703.)



Pharmacokinetics and Pharmacology of Drugs Used in Children 129

TABLE 6-14 Approximate Cost (USD) for Sugammadex Reversal

of Rocuronium by Weight and Density of Block*

WEIGHT (kg)
Depth of Block 3 10 20 70
Mild $1.46 $9.75 $19.50 $67.90
(4 twitches with fade)
2 mg/kg
Moderafe $1.95 $19.50 $39.00  $135.80
(1-2 twitches)
4 mg/kg
Profound $3.90 $39.00 $78.00 $271.60
(no twitches)
8 ma/kg
Wasted drug $93.60 $58.50 $19.50 $68.03"

(single patient use
profound blockade)

(Personal communication from Neil Morton, MD. UK prices converted to USD as of
June 2011.)

*This drug is not yet approved by the US FDA, so price is determined on UK basis.
TAssumes one large vial and one small vial for complete dosing.

In another application of the use of sugammadex, two recent
reports describe its effectiveness to stop anaphylactic reactions to
rocuronium that were resistant to standard treatment.''>!"

If neuromuscular blockade must be reinstituted after admin-
istration of sugammadex, the dose of rocuronium that would be
required for neuromuscular blockade is unclear. Although this is
feasible,"* it would seem much more prudent to switch to a
benzylisoquinolinium muscle relaxant that is unaffected by the
presence of sugammadex.

Relaxants in Special Situations

Of the many drug combinations possible, that of succinylcholine
after a halothane induction seems to be most likely to trigger
MH"7 (see Chapter 40). The use of depolarizing neuromuscular
blocking agents in combination with halogenated agents should
be avoided in children at risk for this syndrome.!"” The safest
general anesthetic technique for children at risk for MH is an
opioid plus N,O plus O, combination, together with benzodi-
azepines, propofol, and a nondepolarizing relaxant. Nondepolar-
izing agents devoid of cardiovascular side effects may offer an
advantage in not causing tachycardia, an early sign of MH.'"”’
There has been some concern of the potential association
between mitochondrial disease and MH. A major review, along
with evidence from pathology specimens from patients who had
a family member with MH, suggest that this is not at all clear
and may be a case of “fortuitous association.”''’® Because many
of these children are bedridden, it would seem prudent to avoid
succinylcholine, although there are “inadequate data to support the
recommendation ... that the anesthetic plan_for patients with mitochon-
drial disease should routinely include MH precantions.”""”

The use of NMBDs in children with neuromuscular and
mitochondrial diseases has been the subject of debate.!"®® Rhab-
domyolysis has been reported after succinylcholine in children
with Duchenne and Becker muscular dystrophy (see Chapters 22
and 40). It is prudent to avoid succinylcholine in any child with

a suspicious neuromuscular or mitochondrial disease (see earlier).
The response of children with neuromuscular disease to nonde-
polarizing relaxants is variable. Most are relatively sensitive to the
NMBDs, particularly those with muscular dystrophy, because of
muscle wasting.!"®"**2 The duration of neuromuscular blockade
is often prolonged. Rarely, resistance may be evident as a result
of chronic immobilization. Of all the nondepolarizing relaxants,
we recommend cisatracurium because of its multiple sites of
degradation that are independent of organ function.'®'!%5 The
dose requirement of atracurium in children with Duchenne mus-
cular dystrophy is similar to that in unaffected children, although
the duration of action may be prolonged."® The dose response
of rocuronium in children with Duchenne muscular dystrophy
shows marked prolongation of both the onset and recovery times
(two to three times normal)."'® Thus, NMBDs should be admin-
istered with caution in children with severe preexisting respiratory
dysfunction, because even a small dose of a NMBD may cause
profound muscle weakness and the need for ventilatory support.
Similarly, it is important to antagonize any residual neuromus-
cular blockade at the end of surgery. If there is any doubt about the
competence of the neuromuscular junction, the trachea should remain
intubated until muscle strength has recovered.

Succinylcholine can cause hyperkalemia in children with
burns, which may cause a cardiac arrest.'"¥” The more extensive
the burn, the more likely and the greater the hyperkalemic
response. An 8% burn is the smallest burn that has been associ-
ated with hyperkalemia. Although most instances of cardiac
arrest have occurred 20 to 50 days after the burn injury, exagger-
ated increases in the plasma concentration of potassium after
succinylcholine can occur within a few days of the burn. However,
hyperkalemia after succinylcholine has not been reported in the
first 24 to 48 hours after a burn. Hyperkalemia is thought to
result from the upregulation of acetylcholine receptors along the
surface of the muscle membrane in the postburn phase (see
Chapter 34).1%

Children with burns may require two to three times the usual
IV dose of nondepolarizing relaxants. This resistance peaks about
2 weeks after the burn, persists for many months in those with
major burns, and decreases gradually as the burns heal. The
degree of resistance appears to correlate with both the extent of
the burn and the period of healing. The resistance can be
explained, in part, by an increase in the Vd of the relaxant (includ-
ing binding to an increased plasma concentration of ol-acid
glycoprotein) and an increase in number, sensitivity, and type of
extrajunctional acetylcholine receptors (see Chapter 34).

Opioids

MORPHINE

Morphine is the most frequently used opioid to treat postopera-
tive pain in children and is the standard against which all other
opioids are compared. Morphine’s main analgesic effect is by
supraspinal W-receptor activation. The p,-receptor in the spinal
cord plays an important analgesic role when the drug is admin-
istered by the intrathecal or epidural route.'”® Morphine is
soluble in water, but lipid solubility is poor compared with other
opioids. Morphine’s low oil-water partition coefficient of 1.4 and
its pKa of 8 (10% to 20% un-ionized drug at physiologic pH)
contribute to delayed onset of peak action, with slow CNS pen-
etration. The T;,keo for morphine is approximately 17 minutes
in adults'® and is estimated to be 8 minutes in the full-term
neonate.'”!
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Target analgesic plasma concentrations are thought to be 10
to 20 ng/mL after major surgery in neonates and infants,!"?>!!%
The large PK and PD variability suggests that morphine be
titrated to effect using small incremental doses (0.02 mg/kg) in
neonates and infants suffering postoperative pain.'***

Morphine is primarily metabolized by the hepatic enzyme
UGT2B7 to morphine-3-glucuronide (M3G) and morphine-6-
glucuronide (M6G); both have pharmacologic activity. Sulfation
and renal clearance are minor pathways in adults but are more
dominant in neonates. Contributions to both the desired effect
(analgesia) and the undesired effects (nausea, respiratory depres-
sion) of M6G are the subject of clinical controversy."'* It has
been suggested that M3G antagonizes morphine and contributes
to the development of tolerance.'*

Clearance increases from 3.2 L/hr/70 kg at 24 weeks PMA
to 19 L/hr/70 kg at term, reaching adult values (80 L/hr/70 kg)
at 6 to 12 months (see Fig. 6-10).” These developmental factors
for morphine metabolism explain in part the prolonged duration
of action in neonates. The maturation profile also suggests that
older infants are able to exceed the reported clearance (in L/hr/
kg) of morphine in adults (see Fig. 6-4). Clearance is perfusion-
limited, with a high hepatic extraction ratio. Oral bioavailability
is approximately 35% because of this first pass effect. The
metabolites are cleared by the kidney and, in part, by biliary
excretion. Impaired renal function leads to M3G and M6G accu-
mulation. Clearance is reduced in critically ill neonates compared
healthier cohorts and in those undergoing cardiac surgery (Fig.
6_21).57—59,1192

Morphine PK parameters show large interindividual variabil-
ity contributing to the range of morphine serum concentrations
observed during constant infusions. Protein binding of morphine
is small in preterm neonates and has minimal impact on the
disposition changes with age.

Although morphine is usually administered intravenously to
neonates, other routes have been used. A large variability in the
analgesic effect of morphine has been observed after rectal
administration; this is a major disadvantage of this route.
Although this route is used,'”” delayed absorption with multiple
doses causing respiratory arrest has been reported.''”® Morphine
(25 to 50 ug/kg) can also be given via the caudal route and sub-
arachnoid spaces (see Chapters 41 and 43).!1%%1200120020% Although
systemic absorption is slow, morphine spreads within the CSF to
the brainstem where it may cause respiratory depression lasting
from 6 to more than 18 hours."'”

Morphine may be administered intravenously by intermittent
bolus, continuous infusion, or patient-controlled analgesia (see
Chapter 43).!2!1212 The usual initial IV dose is 0.05 to 0.2 mg/
kg. A reduced dose is indicated in children who are critically ill,
are receiving supplemental analgesics or hypnotics, and/or have
nocturnal hemoglobin desaturation during obstructive sleep
apnea.121371215

The major risk associated with opioid use in infants and chil-
dren is respiratory depression.”**!** Morphine infusion rates of
10 to 30 pg/kg/hr provide adequate postoperative analgesia
without respiratory depression.'?!® Postoperative analgesia is
achieved at reduced infusion rates in infants 4 weeks of age or
older (~5 ug/kg/hr for neonates, ~8.5 ug/kg/hr at 1 month,
~13.5 pg/kg/hr at 3 months, ~18 pg/kg/hr at 1 year, and slightly
less than 16 pg/kg/hr for 1- to 3-year-olds).”** Respiratory depres-
sion may occur at concentrations of 20 ng/mL in infants and
children,”" but concentration-response relationships in neonates,
particularly preterm neonates prone to physiologic apnea, are
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FIGURE 6-21 Morphine clearance versus postconceptional age in normal
postoperative infants and infants undergoing cardiac surgery. Note that
there is a rapid increase in an infant’s ability to metabolize morphine in the
first several weeks of life and that some infants achieve adult values by

1 month of age. Also note that after cardiac surgery infants have a marked
impairment of morphine metabolism, which may reflect the use of
vasopressors and/or decreased cardiac output to the liver. There is
extreme patient-fo-patient variability at all ages; preterm infants have the
lowest clearance of any age group. (Data from Lynn A, Nespeca MK,
Bratton SL, et al. Clearance of morphine in postoperative infants during
intravenous infusion: the influence of age and surgery. Anesth Analg
1998;86:958-63 and Mikkelsen S, Feilberg VL, Christensen CB, Lundstrom
KE. Morphine pharmacokinetics in preterm and mature newborn infants.
Acta Paediatr 1994;83:1025-8.)

unknown. When respiratory depression from morphine occurs,
it results from both diminished tidal volume and respiratory rate.
Whether morphine causes a parallel shift in the CO, response
curve or a change in the slope, as well as a parallel shift, has not
been clearly established. Morphine appears to depress respiration
in neonates to a greater extent than meperidine,'?” although the
mechanism behind this is uncertain and may relate to altered PK,
an immature blood-brain barrier,”” altered regional blood flow,
or an increased cerebral uptake. In neonatal rats, the brain uptake
of morphine is two to three times that in adult rats.””® This may
explain the fivefold reduced LDs, of morphine in neonatal versus
adult animals.”'?* This immaturity of the blood-brain barrier
may account, in part, for the increased sensitivity of the neonate
to morphine compared with meperidine or fentanyl; because of
their lipophilicity, the latter two opioids rapidly cross an adult’s
or infant’s blood-brain barrier, that is, there is essentially no
blood-brain barrier.”" Alternatively, reduced clearance could
lead to drug accumulation in some infants given repeat doses.'”!
Another possibility is a maturation of the PD effects on respira-
tion rather than altered PK, that is, a maturation of the sensitivity
of the respiratory center to morphine, rather than a change in
brain equilibrium.'?*” Whether one or more of these mechanisms
is relevant, morphine must be used with caution in preterm
infants and in infants younger than 1 year of age. Significant
histamine release may follow a rapid IV bolus of morphine and,
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TABLE 6-15 Relative Comparison of Commonly Used Oral
and Parenteral Opioids in an Adult

Parenteral
Drug Dose (mg)  Oral Dose (mg) Half-Life (hour)
Morphine 10 30-40 2.035
Hydromorphone  1.5-22.0 6.07.5 2-4
Oxycodone 1530 2-4
Methadone 7.510.0 15 2225
Meperidine 75100 300 35
Codeine 120130 200 3
Fentanyl 0.1 0.1 0.5

Adapted from Lugo RA, Kern SE. Clinical pharmacokinetics of morphine. J Pain
Palliat Care Pharmacother 2002;16:5-18.

on rare occasions, may result in systemic hypotension.'??! Urti-
caria over the course of the vein in which morphine was infused
is a local, not systemic, allergic reaction.

The incidence of vomiting in postoperative children is related
to the morphine dose. Morphine doses in excess of 0.1 mg/kg
are associated with a greater than 50% incidence of vomiting in
children.'?%!*% Withdrawal symptoms may be observed in neo-
nates after cessation of a continuous morphine infusion for more
than 2 weeks, and after infusion periods less than 2 weeks if the
morphine infusion rate is greater than 40 pg/kg/hr. Strategies to
prevent withdrawal from morphine include the use of neuraxial
analgesia, nurse-controlled sedation management protocols, ket-
amine or naloxone mixed with morphine infusion, and the use
of alternate agents (e.g., methadone) with lower potential for
tolerance.'”*?> Table 6-15 summarizes the relative doses of
opioids administered via the parenteral and oral routes.

MEPERIDINE
Meperidine (Pethidine, Demerol) has been traditionally consid-
ered a potent opioid to treat severe pain, although in the past
decade, meperidine is no longer indicated as an analgesic (because
of its side effects and complications), leaving it indicated only
for shivering.

Meperidine is a weak opioid, primarily p-receptor, agonist that
has a potency approximately one-tenth that of morphine. The
analgesic effects are detectable within 5 minutes of IV administra-
tion, and peak effect is reached within 10 minutes in adults
(Ty2keo of approximately 7 to 8 minutes).'”*'*” Meperidine is
metabolized by N-demethylation to meperidinic acid and norme-
peridine. Meperidine clearance in infants and children is approxi-
mately 8 to 10 mL/min/kg.'?*'** Elimination in neonates is
greatly reduced, and elimination half-time in neonates who have
received meperidine by placental transfer may be 2 to 7 times
greater than that in adults.'”° The elimination half-life of meperi-
dine in children after IV administration is approximately 3 + 0.5
hours,'?”® with a variable halfife in neonates between 3.3 and
59.4 hours."” The Vdss in infants, 72 (3.3 to 11) L/kg,'**’ is
greater than that in children 2 to 8 years (2.8 + 0.6 L/kg).'*®

In children, meperidine is indicated only to stop shivering,
not for analgesia. Although its onset time is more rapid than
morphine, the risk of seizures after repeated dosing in children
has all but removed it from routine clinical use. The impression
that meperidine causes less histamine release than morphine has
been questioned.'”! Meperidine is no more effective for treating
biliary or renal tract spasm than comparative p opioids.'*” The

purported benefits of substituting meperidine for morphine in
children who are hypovolemic or asthmatic are questionable.

The dose of meperidine is 1 to 2 mg/kg (see Table 6-15),
although reduced doses should be used in critically ill children.
Peak plasma values after IV, IM, and rectal administration are
5 minutes, 10 minutes, and 60 minutes, respectively.'?*'* Rectal
administration of meperidine in children results in wide varia-
tions in systemic blood values (32% to 81% of administered dose)
and is not recommended.'?**

Respiratory depression in infants after meperidine appears
to be less than after morphine.'””” The LDs, of meperidine in
the neonatal animal is only 20% less than in the adult animal,
corresponding with the human clinical response.”! This is con-
sistent with the reduced respiratory depression with meperidine
compared with the equivalent dose of morphine. As with any
opioid, the use of meperidine in very young infants must be
accompanied by careful observation for respiratory depression
and airway obstruction because the PK vary considerably.'??’
Meperidine was used for a number of years as a component of
various “lytic cocktails” that provided sedation. It was admin-
istered rectally, orally and intramuscularly. The safety of these
admixtures, especially in neonates, is dubious and its use in
sedation mixtures has fallen into disfavor.'”* Meperidine’s local
anesthetic properties have been found useful for epidural tech-
niques in adults.'”*

Because repeated doses of meperidine may result in the accu-
mulation of normeperidine, which causes seizures,'”** this
drug has been removed from the formulary in many children’s
hospitals. We do not recommend the use of this opioid other
than for a single dose administration.

HYDROMORPHONE
Hydromorphone (Dilaudid) is a semisynthetic congener of mor-
phine with a potency of around 5 to 7.5 times that of mor-
phine.”? TV and IM dose is 10 to 20 pg/kg with a continuous
IV infusion of hydromorphone of 1-4 pg/kg/hr. Its bioavaila-
bility is about 55% after nasal and oral (30 to 80 ug/kg every 3
to 4 hours) administration and about 35% after rectal adminis-
tration (not recommended)'?**'?*; there is high first-pass meta-
bolism.'”” A clearance of 51.7 (range, 28.6 to 98.2) mL/
min/kg is reported in children, with a halflife of 2.5 £ 0.9
hours.'**!?* Hydromorphone is metabolized to hydromorphone-
3-glucuronide (95%) and to other metabolites.'**’
Hydromorphone is commonly used when prolonged analge-
sia is required.?*'?* Morphine is often changed to hydromor-
phone to reduce the adverse effects or because of concern of
accumulation of morphine metabolites, particularly in the pres-
ence of renal failure.”?'® Hydromorphone is commonly adminis-
tered IV, orally, in the epidural space, and more recently through
the nasal mucosa,'#*!1246:12421250-1253 Hydromorphone is used for
chronic cancer pain, and plasma concentrations of around
4.7 ng/mL (range 1.9 to 8.9 ng/mL) relieve mucositis in children
given patient-controlled analgesia devices.'#1**

OXYCODONE

Oxycodone (OxyContin) is another long-acting semisynthetic
opioid that is usually administered orally and is available in a
controlled-release formulation.'**'%¢ The relative bioavailability
in adults of intranasal, oral, and rectal formulations was approxi-
mately 50% that of the IV route. The buccal and sublingual
absorption of oxycodone is similar in young children."*" The
bioavailability after various routes is IM, 68%j; buccal, 55%; and
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orogastric, 37%.'%*'%* Oxycodone may also be administered rec-
tally, with a similar bioavailability, although absorption can be
prolonged, so that route is not recommended.'”’ The IV formu-
lation of oxycodone significantly depresses respiration; 0.1 mg/
kg in children after ophthalmic surgery caused greater ventilatory
depression than other opioids.'**'*! As with many medications,
interindividual variability in the elimination half-life of oxyco-
done in the neonate is extreme.'?¢>'? In children, the elimina-
tion half-life after IV, buccal, IM, or orogastric administration is
2 to 3 hours.'”” Mean values for clearance and Vdss were 15.2 £
4.2 mL/min/kg and 2.1 £ 0.8 L/kg, respectively, in children after
ophthalmic surgery.'”*® This opioid is commonly used to transi-
tion from patient-controlled analgesia and to treat chronic
painful conditions (see Chapters 43 and 44).

METHADONE

Methadone is a synthetic opioid with an analgesic potency
similar to that of morphine but with a more rapid distribution
and a slower elimination. Methadone is used as a maintenance
drug in opioid-addicted adults to prevent withdrawal. Methadone
might have beneficial effects because it is a long-acting synthetic
opioid with a very high bioavailability (80%) by the enteral route.
It also has NMDA receptor antagonistic activity and this may be
beneficial in chronic pain treatment because agonism of this
receptor is associated with opioid tolerance and hyperalgesia.
Methadone is a racemate and clinical effect is a result of the
R-methadone isomer. Methadone is 2.5-20 times more analgesic
than morphine.'***

The primary indication for methadone in children is to wean
from long-term opioid infusions to prevent withdrawal, and to
provide analgesia when other opioids have failed or have been
associated with intolerable side effects. '224122312341264 1271 TV meth-
adone has been shown to be an effective analgesic for postopera-
tive pain relief (the minimum effective analgesic concentration
of methadone in opioid naive adults is 58 pg/L),"””* and oral
administration has been recommended as the first-line opioid for
severe and persistent pain in children.””® It seems also to be a
safe enteral alternative for IV opioids in palliative pediatric onco-
logic patients.'*”

Methadone has high lipid solubility with a large Vd of 6 to
7 L/kg in children and adults.'”***” It is metabolized by
N-demethylation, and clearance in adults is 2.7 + 1.7 mL/min/
kg with higher rates reported in children 1-18 years."”” The clear-
ances of each racemate (R and S) are similar (approximately 1.4
to 1.7 mL/min/kg) in adolescents.'?”® There are few PK data avail-
able for infants under 1 year of age. The few neonatal data on
methadone PK show a slow elimination half-life with enormous
interindividual variability (3.8 to 62 hours)."” In adults, the
mean elimination half-life after oral administration is prolonged,
33 to 46 hours.

FENTANYL

Fentanyl (Sublimaze) offers greater hemodynamic stability than
morphine, a rapid onset (T;,keo of 6.6 minutes in adults) a
short duration of effect. Its relative increased lipid solubility
and small molecular conformation enables efficient penetration
of the blood-brain barrier and redistribution. It is the most
commonly used opioid during general anesthesia in infants and
children. It is particularly effective in the care of high-risk preterm
and term neonates, as well as in infants and children during
cardiac surgical procedures. High doses of fentanyl (10 to
100 pg/kg) are often administered to maintain cardiovascular

homeostasis.'**'?*1?8 Fentanyl may be administered intrave-
nously, intramuscularly, as a supplement to epidural analgesia,
orally (trans—oral mucosal absorption), and transdermally—both
passively and by iontophoresis.'?*1>

Fentanyl is metabolized by oxidative N-dealkylation (CYP3A4)
into norfentanyl and hydroxylated. All metabolites are inactive
and a small amount of fentanyl is eliminated via the kidneys
unchanged. Compared with term neonates, the clearance of fen-
tanyl in preterm infants is markedly reduced (mean elimination
half-life is 17.7 + 9.3 hours) contributing to prolonged respiratory
depression in preterm neonates. Clearance matures with gesta-
tional age; 7 mL/min/kg at 25 weeks PMA, 10 mL/min/kg at 30
weeks PMA, and 12 mL/min/kg at 35 weeks PMA."?* The clear-
ance of fentanyl is reduced to 70% to 80% of adult values in
term neonates and, when standardized to a 70 kg person, reaches
adult values (approx. 50 L/ht/70 kg) within the first 2 weeks of
life.** Clearance of fentanyl in older infants (more than 3 months
of age) and children is greater than that in adults when expressed
as per kilogram (30.6 mL/kg/min vs 17.9 mL/kg/min, respec-
tively), resulting in a reduced elimination half-life (68 minutes vs
121 minutes, respectively), 2712821297129

Fentanyl’s Vdss is approximately 5.9 L/kg in term neonates,
and decreases with age to 4.5 L/kg during infancy, 3.1 L/kg
during childhood, and 1.6 L/kg in adults.”*® This increased Vdss
results in a lower blood concentration after bolus administration
in neonates and infants. Administration of fentanyl 3 pg/kg by
slow IV push in term infants (1 to 7 months age) intra-operatively
neither depressed respiration nor caused hypoxemia in a placebo-
controlled trial."**"*% Slow administration and both an increased
Vdss and an increased clearance (per kilogram) in this age group
contributed to these results. Fentanyl clearance may be impaired
with decreased hepatic blood flow (e.g., from increased intraab-
dominal pressure in neonatal omphalocele repair), although a
maldistribution of blood away from regions of concentrated
cytochrome enzyme activity in the liver may also play a role.*”

Infants with cyanotic heart disease had reduced Vdss and
greater plasma concentrations of fentanyl with infusion
therapy.'?®! These greater plasma concentrations resulted from a
reduced clearance (34 L/ht/70 kg), that was attributed to hemo-
dynamic disturbance and consequent reduced hepatic blood
flow.”* Hypothermia has also been shown to reduce fentanyl
clearance.”®® Profound hypotension has been reported after a
bolus of midazolam in neonates in whom fentanyl was infused
and vice versa.”® Other drugs metabolized by CYP3A4 (e.g.,
cyclosporine, erythromycin) may compete for clearance and
result in increased fentanyl plasma concentrations.

Fentanyl is a potent [-receptor agonist with a potency 70 to
125 times greater than that of morphine. A plasma concentration
of 15 to 30 ng/mL is required to provide total IV anesthesia in
adults, whereas the ECs, based on EEG evidence, is 10 ng/
mL."3% Eentanyl has been shown to effectively prevent preterm
neonates from surgical stress responses and to improve postop-
erative outcome.*” Single doses of fentanyl (3 ug/kg) can reduce
the physiologic and behavioral measures of pain and stress associ-
ated with mechanical ventilation in preterm infants."*'® Fentanyl
has similar respiratory depression in infants and adults when
plasma concentrations are similar.”"!

The PK of fentanyl in critically ill children receiving long-term
infusions is also quite variable, with a mean terminal elimination
half-life of 21 hours and a range of 11 to 36 hours."”*”? The infu-
sion rates of fentanyl that are required to achieve a similar level
of sedation and analgesia may vary as much as 10-fold.”*"* This
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FIGURE 6-22 This figure is a simulation of the time required for a 50%
reduction in the effective site concentration of remifentanil (yellow circles),
sufentanil (purple circles), alfentanil (brown triangles), and fentanyl (blue
triangles) after an infusion (duration of O to 240 minutes) designed to
maintfain a constant effect-site concentration. Note that there is a
completely flat curve for remifentanil, suggesting that a plateau effect is
rapidly reached with remifentanil compared with the other opioids, such
that even after a long infusion, the time to 50% reduction in effect-site
concentration is still under 4 minutes. (Redrawn and modified with
permission from Westmoreland CL, Hole JF, Sebel PS, et al.
Pharmacokinetics of remifentanil [GI87084B] and its major metabolite
[GI190291] in patients undergoing elective inpatient surgery. Anesthesiology
1993;79:893-903.)

variability in PK and PD strongly reinforces the need to titrate
the dose to effect and to be prepared to provide postoperative
ventilatory support as needed. Children who receive a chronic
infusion of fentanyl are at risk of rapidly developing tolerance;
on discontinuance of the infusion, these children may demon-
strate signs of withdrawal. All long-term infusions should be
tapered slowly over days rather than discontinuing them
abruptly, 1281351514

With low-dose fentanyl, the termination of action is primarily
a combination of redistribution and rapid clearance by the
liver.!?®1315 The CSHT after a 1 hour infusion of fentanyl is
approximately 20 minutes, which increases to 270 minutes after
an 8 hour infusion in adults (Fig. 6-22).** Although the CSHT is
reduced in children, there are no data in neonates.'”” High-dose
fentanyl, accumulates in muscle and fat and is therefore released
(recirculated) more slowly, thus accounting in part for the pro-
longed respiratory depression after high doses. There is no evi-
dence of dose-dependent kinetics; that is, there is no tissue or
enzyme saturation in the clinically used ranges.”" In some
respects, the pharmacology of opioids is very similar to thiopen-
tal: at low doses their clinical effect is terminated by redistribu-
tion, whereas at high doses their clinical effect is terminated by
metabolism'l3ll,l316-l319

The usual initial dose of fentanyl is 1 to 3 ug/kg, a dose
that may be supplemented as clinically indicated. Fentanyl is
highly lipid soluble and rapidly crosses the blood-brain barrier.
This characteristic may, in part, explain why the LDs, for
fentanyl in neonatal animals is 90% of that in adult animals.
Continuous intraoperative and postoperative infusions of fen-
tanyl are common in children of all ages.'*"*""3%0 Fentanyl
is also used to provide patient-controlled analgesia (see Chapter
43).1321,1322

Chest wall and glottic rigidity have been reported after IV
administration of opioids, although most often after fentanyl.
The reason for this is not clear.**"3?® Glottic rigidity may account
for the inability to ventilate by bag and mask after IV fentanyl.'*?

This adverse response can be minimized by administering the
opioid slowly, and it can be reversed by administering either a
muscle relaxant or naloxone. One other concern is the rare asso-
ciation of increased vagal tone with bolus administration; brady-
cardia may have profound effects on the cardiac output of
neonates. Additionally, fentanyl markedly depresses the barore-
ceptor reflex control of heart rate in neonates."*” It is for these
reasons that the combination of pancuronium and fentanyl
became popular.

Oral transmucosal fentanyl (Fentanyl Oralet) was one of only
several medications approved by the FDA for premedication of
children, although this formulation is no longer marketed. A new
formulation (Actiq) has been approved for adults and children
16 years of age or older, and is currently under investigation in
children for the treatment of breakthrough pain.”***!**! Fentanyl
is rapidly absorbed through the oral mucosa, which bypasses the
liver,”8#129112921332:1336 Nonetheless, approximately half the absorp-
tion is gastrointestinal. The bioavailability of this formulation in
children (33%) is less than that in adults (50%)."*"'#* Uptake
continues for a period of time after consumption, which poten-
tially can provide analgesia for several hours.””"'*'*2 The use of
this formulation will likely be limited to the treatment of break-
through pain.

The fentanyl patch was developed to provide an extended
release of fentanyl similar to that provided with a continuous
IV infusion.' 713 This formulation was not designed to be admin-
istered to treat postsurgical pain, but rather for those who require opioids
chronically. This fentanyl transdermal therapeutic system (TTS)
is available with a drug release rate of 12.5 ug/hr and matches
the lower dosing requirements of cancer pain control in chil-
dren.”*” An approximate conversion factor of 45 mg/day oral
morphine to 12.5 pg/hr fentanyl TTS is used for initial dose
estimation in children on chronic morphine therapy. This is
conservatively low to avoid respiratory depression. In adults,
uptake of fentanyl begins within 1 hour and achieves therapeutic
levels within 6 to 8 hours and peak levels at 24 hours,'331346.134%
In children, the peak occurs earlier, at about 18 hours."** The
skin acts as a reservoir, and even after removal of the patch,
uptake continues for several hours, with a consequent apparent
elimination halfife of 14.5 + 6 hours.”** Fentanyl uptake is
markedly affected by skin blood flow, skin thickness, location
of the patch, and adherence to the skin.'***** Alterations in
skin blood flow (e.g., fever) may increase absorption."”** Altera-
tions to skin blood flow caused by warming devices (increased
absorption) or hypothermia (decreased absorption) during anes-
thesia should be considered in children with chronic pain who
present with TTS fentanyl.

The use of TTS medication should be limited to pain special-
ists who have familiarity with the unusual PK of this drug deliv-
ery system."””® One study suggests that the PK of fentanyl by this
route in children and adult patients are similar.*** A multicenter
study in children 2 to 16 years of age reported satisfactory chronic
analgesia. However, it should be noted that the data submitted
to the FDA revealed plasma concentrations of fentanyl in chil-
dren 1.5 to 5 years of age that were twice those in adults."*>* These
data are consistent with another study that found a negative cor-
relation between fentanyl concentrations and age, that is, greater
concentrations in younger children.””*’ Children may be particu-
larly vulnerable to the rapid drug absorption compared with
adults because they have thinner skin and better skin blood
flow.”® Accordingly, it seems prudent to begin with the smallest
size patch and gradually increase as indicated (see Chapters 43
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and 44). Finally, all patches, including those that have already
been used, still contain large amounts of fentanyl that may cause
a fatal intoxication if accidentally ingested by a child."**"3%
Proper disposal of these opioid-containing patches is required.

Epidural fentanyl is widely combined with an amide local
anesthetic for provision of postoperative analgesia, although the
use of such combinations continues to be debated. Pruritus,
nausea, and vomiting may be exacerbated by the addition of
fentanyl. The combination remains popular with bupivacaine as
the amide anesthetic, although there is no evidence to support a
levobupivacaine combination.””” Spread beyond the site of
administration is dose-dependent but limited, and respiratory
depression is uncommon.'#*13¢

ALFENTANIL

Alfentanil (Alfenta) is a fentanyl analogue whose main advantage
is its reduced lipid solubility and smaller Vd compared with
fentanyl."**" It has a rapid onset (T,,keo of 0.9 minutes in adults),
a brief duration of action, and one-fourth the potency of fen-
tanyl. A target plasma concentration of 400 ng/mL is used in
anesthesia. Metabolism is through oxidative N-dealkylation by
CYP3A4 and O-dealkylation and then conjugation to metabo-
lites that are excreted renally.”*** Studies indicate that brain con-
centrations of alfentanil are sevenfold to ninefold less, the Vd is
four times less, and protein binding is greater than fentanyl."**
Alfentanil is more rapidly eliminated from the body than fen-
tanyl, resulting in more frequent dosing. Clearance in neonates
(20 to 60 mL/min/70 kg) is one-tenth that in adults (250 to
500 mL/min/70 kg) with rapid maturation.” In preterm neo-
nates, the halflife is as long as 6 to 9 hours."*****> The Vd in
children and adults are similar, but increased in preterm neonates
(Vd 1.0 £ 0.39 vs 0.48 + 0.19 L/kg). Clearance is greater in chil-
dren, expressed as per kilogram (11.1 £ 3.9 mL/kg/min vs 5.9
1.6 mL/kg/min). As a result, the elimination half-life in children
is less (63 + 24 vs 95 + 20 minutes)."****%° The Vd and elimination
half-life in infants 3 to 12 months of age and older children are
similar.**® Because clearance is markedly diminished in children
with hepatic disease, clinical effects are prolonged in those with
reduced hepatic blood flow (e.g., children with increased intraab-
dominal pressure, children receiving vasopressors, and those with
some forms of congenital heart disease).”**"***!*"! Renal failure
has little effect on its elimination."””” Because less alfentanil is
bound to al-acid glycoprotein in preterm infants (65%) than in
term infants (79%), an increased fraction of alfentanil is available
for biologic effect in the former.”

The PK and PD of alfentanil suggest potential applications
for the rapid control of analgesia and awakening from anesthesia.
Alfentanil (10 pg/kg) has been combined with propofol (2.5 mg/
kg) for tracheal intubation without a NMBD."” High-dose alfen-
tanil is also used for cardiac procedures. Alfentanil should be
used with caution without NMBDs in neonates because of the
frequency of chest wall or glottic rigidity.'?*3™

SUFENTANIL

Sufentanil (Sufenta) is a potent synthetic narcotic that in many
respects is similar to fentanyl and alfentanil. Sufentanil is 5 to 10
times more potent than fentanyl, with a T),keo of 6.2 minutes
in adults."”” A concentration of 5 to 10 ng/mL is required for
total IV anesthesia, and 0.2 to 0.4 ng/mL for analgesia. PD dif-
ferences are suggested in neonates. The plasma concentration of
sufentanil at the time of additional anesthetic supplementation
to suppress hemodynamic responses to surgical stimulation

was 2.51 ng/mL in neonates, significantly greater than the con-
centrations of 1.58, 1.53, and 1.56 ng/mL observed in infants,
children, and adolescents, respectively.'*

Elimination of sufentanil has been suggested by O-
demethylation and N-dealkylation in animal studies. As with fen-
tanyl and alfentanil, the CYP3A4 enzyme is responsible for the
N-dealkylation.”” The majority of studies of IV sufentanil in chil-
dren have focused on those undergoing cardiac surgery. Evidence
has shown age-dependent PK in which neonates have a larger
Vdss, reduced clearance, and a greater and more variable elimina-
tion half-life than older children and adults (E-Fig. 6-16).13761378:157
Clearance in neonates undergoing cardiovascular surgery (6.7 =
6.1 mL/kg/min), is reduced compared with values of 18.1 + 2.7,
16.9 + 3.2, and 13.1 £ 3.6 mL/kg/min in infants, children, and
adolescents, respectively'*”®; consistent with rapid development of
hepatic metabolic pathways."*”® Clearance maturation standard-
ized to a 70 kilogram person using allometry is similar to that of
other drugs that depend on CYP3A4 for metabolism (e.g., levobu-
pivacaine, fentanyl, alfentanil) (see Fig. 6-10)."*¢ Clearance rates in
infants (27.5 £ 9.3 mL/kg/min) were greater, expressed as per kilo-
gram, than those in children (18.1 £ 10.7 mL/kg/min) in another
study of children undergoing cardiovascular surgery.”*”” Clearance
in healthy children (2 to 8 years) was greater (30.5 = 8.8 mL/kg/
min) than those undergoing cardiac surgery."** Decreased hepatic
blood flow reduces clearance.”*** The elimination of sufentanil is
unaffected by renal failure but markedly altered by factors that
influence hepatic blood flow; cirrhosis apparently has little effect
on its elimination, 3113811382

The Vdss was 4.15 + 1.0 L/kg in neonates; greater than the
values of 2.73 £ 0.5 and 2.75 £ 0.5 L/kg observed in children and
adolescents, respectively.'?¢38

Bradycardia and asystole have been observed after a bolus
administration of sufentanil, suggesting that the simultaneous
administration of a vagolytic agent (atropine, glycopyrrolate, or
pancuronium bromide) may be sensible with rapid administra-
tion."**¥% Nasal sufentanil may have a role for sedation in
children although data in neonates are lacking and there are
concerns about the risk of respiratory depression.*®3" Several
studies demonstrated that children are more likely to accept nasal
sufentanil compared with nasal midazolam, although there was
a greater incidence of vomiting after sufentanil and several chil-
dren experienced decreased chest wall compliance after or during
induction of anesthesia. The dose of sufentanil that is most
effective when administered intranasally is 2 to 3 ug/kg.'*%¢!3%
Epidural sufentanil (0.7 to 0.75 pg/kg) has been effective in
children, lasting more than 3 hours, although pruritus can be
bothersome."??13%

REMIFENTANIL

Remifentanil (Ultiva) is the newest in the family of synthetic
opioids." 3 Tts brief elimination halflife of 3 to 6 minutes
means that it is usually given as an infusion.””"***3% This opioid
is unique because an ester linkage in the molecule allows rapid
degradation to a carboxylic acid metabolite by blood and tissue
esterases.*”” Metabolism is unaffected by hepatic or renal func-
tion."” The active metabolite of remifentanil that is eliminated
by the kidneys has approximately 1/300th to 1/1000th the
opioid activity of the parent compound and, theoretically, could
accumulate and cause clinical manifestations in children with
impaired renal function."””" One study in adults failed to dem-
onstrate any residual opioid effects after a 12-hour infusion in
patients with renal failure.'*”” Perhaps the most important
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E-FIGURE 6-16 Pharmacokinetics for sufentanil versus age. Note that the B-elimination half-life (T,,8) and volume of distribution at steady state (Vdss) are
inversely related to age; clearance is the lowest in neonates. Children and adolescents have sufentanil pharmacokinetics similar to that of adults. (Data from

Greeley WJ, de Bruijn NP, Davis DP. Sufentanil pharmacokinetics in pediatric cardiovascular patients. Anesth Analg 1987,66:1067-72.)
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FIGURE 6-23 The effect of age on the dose (infusion rate) of remifentanil tolerated during spontaneous ventilation under anesthesia in children undergoing
strabismus surgery.”” Superimposed on this plot is estimated remifentanil clearance determined using an allometric model.” There is a mismatch between
clearance and infusion rate for those individuals still in infancy. The higher infusion rates recorded in those infants can be attributed to greater suppression of
respiratory drive in this age group than with the older children during the study; a respiratory rate of 10 breaths per minute in an infant is disproportionately
slow compared to the same rate in a 7-year-old child, suggesting excessive dose. (Reproduced with permission from Anderson BJ. Pediatric models for
adult target-controlled infusion pumps. Pediatr Anesth 2010;20:223-32; Rigby-Jones AE, Priston MJ, Sneyd JR, et al. Remifentanil-midazolam sedation for
paediatric patients receiving mechanical ventilation after cardiac surgery. Br J Anaesth 2007;99:252-61; and Barker N, Lim J, Amari E, Malherbe S, Ansermino
JM. Relationship between age and spontaneous ventilation during intravenous anesthesia in children. Pediatr Anesth 2007;17:948-55.)

TABLE 6-16 Remifentanil Pharmacokinetics by Age

0-2 Months 2 Months-2 Years 2-6 Years 7-12 Years 13-16 Years 16-18 Years
Cmax 24.2 £10.2* 254 £3.7*% 348+82 425+13.7 35+£10.2 42.7£12.9
Vdss 452.8 +144.7* 307.9£89.2 240.1+£130.5 2489 +91.4 223.2+30.6 242.5 +£109.2
CL (mL/minute/kg) 90.5 +36.8* 92.1+ 25.8* 76 +£22.4 59.7+£225 57.2+ 211 465+ 2.1
Half-life (minute) 54+18 3.4£1.19 3.6£1.19 53+14 3.7+£11 57+0.7

Data extracted from Ross AK, Davis PJ, del Dear G, et al. Pharmacokinetics of remifentanil in anesthetized pediatric patients undergoing elective surgery or diagnostic procedures.

Anesth Analg 2001;93:1393-401.

CL, Clearance; Cmax, peak plasma concentration; Vdss, volume of distribution at steady state.

*Significantly different from other groups.

characteristic of remifentanil is its very brief half-life and the
associated rapid recovery within about 10 minutes. Clearance in
patients with butyrylcholinesterase deficiency is unaffected. The
nonspecific blood esterases that metabolize remifentanil are
mature at birth.”

A target plasma concentration of 2 to 3 ug/L is adequate for
laryngoscopy, 6 to 8 ug/L for laparotomy and 10 to 12 ug/L
might be sought to ablate the stress response associated with
cardiac surgery."*” Analgesic concentrations are 0.2 to 0.4 pg/L.
The T,,keo is 1.16 minutes in adults,”** but the neonatal T,,keo
has not been reported. Analgesic alternatives should be available
for when the short-duration analgesic effect from remifentanil
has dissipated. Reports of a rapid development of p-receptor
tolerance with remifentanil are in conflict; activity at d-opioid
receptors may contribute.'"” Remifentanil clearance can be
described in all age groups by simple application of an allometric
model.”” This standardized clearance of 2790 mL/min/70 kg is
similar to that reported by others in children?”*** and adults.?*3*
The smaller the child, the greater the clearance when expressed
as mL/min/kg. Clearance decreases with increasing age, with rates
of 90 mL/kg/min in infants under 2 years of age, 60 mL/kg/min

in children 2 to 12 years of age, and 40 mL/kg/min in adults (Fig.
6-23 and Table 6-16).°22%!4% The steady-state Vd was greatest in
infants under 2 months age (452 mL/kg) and decreased to
308 mL/kg in children 2 months to 2 years, and to 240 mL/kg
in children more than 2 years of age.’” Elimination half-life
appears to be constant, approximately 3 to 6 minutes, indepen-
dent of dose or duration of the infusion?>**®; the CSHT is
constant (see Fig. 6-22)."*"! For example, when the infusions of
remifentanil differed as much as 20-fold, the time to return to
spontaneous respirations varied by only 1 to 3 minutes.'***1%
For opioids, its effect on respiration is an excellent reflection of
its PD effects."*” After 3-hour infusions of alfentanil and remi-
fentanil in adults, the elimination half-lives were 47.3 + 12
minutes for alfentanil, compared with 3.2 + 0.9 minutes for
remifentanil. The time to recover 50% of the minute ventilation,
a PD effect of opioids, was 54.0 £ 48.1 minutes for alfentanil,
compared with 5.4 + 1.8 minutes for remifentanil."*””

Although covariate effects, such as cardiac surgery, appear to
have a muted effect on PK, cardiopulmonary bypass (CPB) does
have an impact. Remifentanil dosage adjustments are required
during and after CPB because of marked changes in its Vd.'""*
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response.'**!1*¢ However, because the plasma half-life is so brief,
there is rarely a need for a bolus, because a steady-state opioid
concentration occurs within three to five half-lives. Conversely,
this negative chronotropic effect and the concomitant reduction
in BP can be used to induce controlled hypotension. "3

Remifentanil would seem to be the ideal opioid to provide a
deep analgesic effect that allows spinal cord-evoked motor and
sensory monitoring.'’ Nonetheless, anesthesia is not produced
by opioids alone. An anxiolytic must be administered to ensure
that amnesia occurs. The half-lives of all anxiolytics exceed that
of remifentanil, and this needs to be considered during recovery.
Remifentanil complements propofol for short-term analgesia
during total IV anesthesia for a variety of surgical and nonsurgical
procedures, as well as analgesia and sedation in the ICU.* We
have commonly used a fixed combination of remifentanil (5 pg/
mL) in propofol (10 mg/mL), starting at a propofol infusion rate
of 150 pg/kg/min for upper and lower gastrointestinal endo-
scopic procedures in children under 10 years, and a lower con-
centration of remifentanil in teenagers (2.5 ug/mL in propofol
[10 mg/mL]) because of the hypotension and bradypnea in older
children.'** Remifentanil seems to cause less respiratory depres-
sion in younger children."*"" For upper endoscopy, tropicalizing
the tongue and pharynx with lidocaine helps blunt responses to
passing the endoscope through the oropharynx. The infusion rate
is adjusted according to the child’s responses.

Remifentanil has also been used to supplement propofol to
facilitate endotracheal intubation without the use of a muscle
relaxant. Two dose-response studies found that about 3 pg/kg of
remifentanil combined with 4 mg/kg propofol provided the best
intubating conditions. Intubating conditions were the same as
with mivacurium or succinylcholine. Resumption of spontaneous
respirations after a remifentanil-propofol combination was similar
to that after succinylcholine."*!**® It would seem that this com-
bination is a reasonable alternative to succinylcholine to facilitate
endotracheal intubation in children in whom succinylcholine is
contraindicated, when the duration of intubation is anticipated
to be brief, or when spontaneous ventilation is desired.

BUTORPHANOL AND NALBUPHINE

Butorphanol (Stadol) and nalbuphine (Nubain) are synthetic
narcotic agonist-antagonist analgesics that are apparently
equianalgesic.'***? They are effective through w«-receptor
agonism and partial p-receptor antagonism, have 0.5 to 0.7 times
morphine’s potency, and an antagonist effect 25 times weaker
than naloxone. An appealing PD effect is sedation, particularly
when compared with midazolam.'**'**'% Nalbuphine’s elimi-
nation half-life is significantly shorter in children 1.5 to 5 years
of age (0.9 hour) than it was in children 5 to 8.5 years of age



route may offer particular advantage for children without IV
access. M7 One report suggests a lower rate of postoperative
vomiting after butorphanol compared with morphine.'*** Another
describes the use of rectal administration; as expected, the authors
found irregular absorption, but peak blood levels were relatively
rapidly achieved (25 + 11 minutes) and the elimination half-life
was 2.7 + 0.7 hours."”” We do not recommend the rectal route
of administration. What must be remembered is that these agents
may reverse [-receptor-mediated analgesic effects of the more
potent opioids and should therefore be used as the initial or the
sole opioid.

This family of drugs has had mixed results in reversing or
preventing opioid-induced pruritus.'”*!*7 Nalbuphine does not
reverse respiratory depression after morphine,'”® but may be
effective after fentanyl.'””” Butorphanol has also been adminis-
tered by the caudal epidural route (25 pg/kg). 014!

CODEINE

Codeine, or methylmorphine, is a morphine-like opioid with
10% of the potency of morphine. It is mainly metabolized by
glucuronidation, but minor pathways are by N-demethylation to
norcodeine and O-demethylation to morphine. However, a full
accounting of the metabolism of codeine has remained elusive.
Approximately 10% of codeine is metabolized to morphine. As
the affinity of codeine for opioid receptors is very low, the anal-
gesic effect of codeine is believed to be a result of its morphine
metabolite.*® Evidence suggests that up to 11% of codeine is
metabolized to hydrocodone,'”® which may provide an alternate
mechanism of analgesia to its metabolism to morphine. The
continued use of this minor opium alkaloid for pediatric analge-
sia remains baffling and is subject to debate, because it is effec-
tively a prodrug analgesic.'**

The primary routes for delivery of codeine are the oral and
IM routes, although the rectal route has also been advocated.'***
The dose of codeine by all three routes is similar, 0.5 to 1.5 mg/
kg. IV codeine was used in the past, but serious life-threatening
adverse effects, including transient but severe cardiorespiratory
depression'**14%7 and seizures,"**® led to proscription of this route
of delivery.

Codeine’s popularity as a perioperative analgesic in children
is based in part on its favorable PK. When given orally, it is
rapidly and completely absorbed, with 50% undergoing first-pass
hepatic metabolism. Bioavailability after oral codeine is 90%,
although after surgery the bioavailability may be quite vari-
able.!*®*1*¥ Blood concentrations after oral codeine reach a peak
by 1 hour. Its terminal elimination halflife is 3 to 3.5 hours.
When given by the IM and rectal routes, peak blood concentra-
tions are achieved rapidly, within 0.5 hour, with the blood con-
centrations after the rectal route being less than after the IM
route. The duration of action after these two routes of administra-
tion is 1 to 2 hours. The elimination half-life after rectal admin-
istration in children is approximately 2.6 hours in children, but
4.6 hours in infants,"” suggesting the need for a much greater
interval between subsequent doses in infants. A Vd of 3.6 L/kg
and a clearance (CL) of 0.85 L/hr have been described in adults
but there are few data detailing the developmental changes in
children.

In vivo, 5% to 15% of codeine is excreted unchanged in the
urine. The remaining 85% to 95% undergoes metabolism in the
liver by one of three routes: glucuronidation (principal route),
O-demethylation, and N-demethylation.'**? Five percent to 15%
of codeine undergoes O-demethylation to morphine. This
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metabolic pathway depends on CYP2D6, an enzyme responsible
for the metabolism of more than 20% of prescribed medications.
The N-demethylation pathway depends on the CYP3A enzyme
system.

CYP2D6 activity in fetal liver microsomes is either absent or
less than 1% of adult values.'*® O-demethylation begins postna-
tally with rapid maturation of this enzyme system irrespective of
the gestational age at birth, although activity may remain less
than 25% of adult values at 5 years of age. Interestingly, CYP2D6
is a noninducible enzyme whose activity, however, may vary with
certain disease states, including malignancy, cigarette smoking,
and some chronic inflammatory diseases (rtheumatoid arthri-
tis).!*®* Glucuronidation is immature at birth but develops
throughout infancy, whereas N-demethylation is fully mature at
birth. Variability in the clinical response to codeine prompted
investigations into genetic variants or polymorphisms of
CYP2Dé. This enzyme is mapped to chromosome 22 at 22q13.1.
Fifty-five polymorphisms of CYP2Dé6 with a frequency that
exceeds 1% of the population have been described.'””" These
include both functional and nonfunctional polymorphisms, as
well as gene duplication. The polymorphisms are numbered with
*1 being the normal or wild allele (the * denotes an allele). The
mutant alleles, *3, *4, *5, *6, and *9, for example, confer no
CYP2D6 activity.' 82141192 The latter polymorphisms account
for more than 90% of the poor metabolizers (see later discussion).
Variants *2, *10, and *17 have modestly reduced activity and are
referred as intermediate metabolizers.'*®* To further complicate
the genetic pattern, multiple copies of the same genes'**> may be
present in some individuals, resulting in bizarre phenotypes. The
wide array of CYP2D6 polymorphisms of codeine may be sum-
marized into three broad categories: poor metabolizers (PM,
negligible morphine produced), extensive metabolizers (EM,
normal) and ultraextensive metabolizers (UM, rapid production
and large amounts of morphine produced). Up to 10% of Cau-
casians and 30% of Hong Kong Chinese are PM, rendering
codeine an ineffective analgesic for these children.'*®* Alternately,
29% of the Ethiopian and 1% of Swedish, German, and Chinese
populations are UM."* Recent evidence suggested that the fre-
quency of CYP2Dé6 polymorphisms, particularly children who
are PM, may be more common and more varied than previously
thought. Children with these polymorphisms who also have
upregulated opioid receptors as a result of chronic intermittent
nocturnal hypoxia may be particularly vulnerable to a mishap
after a usual or subclinical dose of codeine.?”®!*** Consequently,
the wide clinical response to a standard (or less than standard)
dose of codeine necessitates careful monitoring in those with
compromised cardiorespiratory status. Several deaths or near
deaths have been reported with “standard” doses of oral codeine
in children later found to be UM.!#*:144.1492

Codeine may be effective for pain control, although its
limited conversion to morphine likely makes it suitable for only
mild and moderate forms of pain. The limited conversion to mor-
phine and fewer adverse effects of codeine has made it popular
for infants and young children, particularly when a single dose is
involved. There is some evidence that codeine is associated with
less nausea and vomiting than morphine."”” Codeine is often
used in combination with acetaminophen or NSAIDs. The addi-
tion of codeine to acetaminophen has been shown to improve
postoperative pain relief in infants.'*”® One study found that the
analgesic effect of the combination of acetaminophen (10 to
15 mg/kg) and codeine (1 to 1.5 mg/kg) was comparable to that
of ibuprofen (5 to 10 mg/kg) in children after tonsillectomy."*”’
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In poor metabolizers, codeine confers little or no analgesia,
although adverse effects persist.'*”® In ultra-rapid metabolizers on
the other hand, a large incidence of adverse effects might be
expected, including apnea, because of large plasma morphine
concentrations. Administration (especially of codeine prepara-
tions with an antihistamine and a decongestant) in the neonate
may cause intoxication.'*” A mother who ingested codeine while
breastfeeding is thought to have transferred morphine in the
breast milk, resulting in a fatality in her neonate. The mother, a
UM, produced morphine more rapidly from the codeine, which
resulted in respiratory depression in the neonate.'**"*" Because
there is unpredictable variability in the conversion of codeine to
morphine, we recommend alternative medications be considered;
with codeine, if the child is a PM, they will receive very little
analgesia, whereas, if a UM, they could sustain a life-threatening
event because of increased conversion to morphine.

TRAMADOL

Tramadol (Ultram) is a weak opioid with minimal effects on
respiration and causes monoaminergic spinal cord inhibition of
pain.’"""5 This formulation is structurally related to morphine
and codeine.”™ Two enantiomers provide analgesia; one is a
opioid p-receptor agonist, and the other inhibits neuronal
reuptake of serotonin and inhibits norepinephrine uptake, thus
producing “multimodal antinociception.”** Tt is primarily
metabolized into O-desmethyltramadol (M1) by CYP2D6, which,
because of its extensive polymorphism poses the same concerns
as in the case of codeine.””” Poor metabolizers have both reduced
analgesia and nausea.

Prostaglandin H, synthetase (PGHS) is the enzyme responsible
for metabolism of arachidonic acid to the unstable prostaglandin
H,. The two major forms of this enzyme are the constitutive
PGHS-1 (COX-1) and the inducible PGHS-2 (COX-2). PGHS
comprises two sites, a cyclooxygenase (COX) site and a peroxidase
(POX) site. The conversion of arachidonic acid to prostaglandin
G,, the precursor of the other prostaglandins (E-Fig. 6-17), depends
on a tyrosine-385 radical at the COX active site. Acetaminophen
acts as a reducing cosubstrate on the POX site. Alternatively,
acetaminophen effects may be mediated by an active metabolite
(p-aminophenol). p-Aminophenol is conjugated with arachidonic
acid by fatty acid amide hydrolase and exerts its effect through
cannabinoid receptors.'**!

The EDj for rectal acetaminophen to avoid any supplemental
opioids after day-stay surgery is 35 mg/kg.""* Further studies are
required before regular doses greater than 40 mg/kg can be rec-
ommended because of concerns about hepatotoxicity,'***5¥
which can occur even after single doses of 250 mg/kg.""*® Time
delays of approximately 1 hour between peak concentration and
peak effect have been reported.’”?'** An estimate of a maximum
effect was 5.17 (the greatest possible pain relief [VAS 0 to 10]
would equate to an Emax of 10 out of 10 pain units) and an EC;,
of 9.98 mg/L. The T,,keo of the analgesic effect compartment
was 53 minutes.*”'*?’ A target effect compartment concentration
of 10 mg/L was associated with a pain reduction of 2.6/10.%

The relative bioavailability of rectal to oral acetaminophen
formulations (rectal/oral) is approximately 0.5 in children but the
relative bioavailability is greater in neonates and approaches
unity.” There are two IV paracetamol formulations available, and
caution must be exercised with the choice of formulation.'”*! One
is an acetaminophen formulation, whereas the other, propacet-
amol (N-acetyl-para-aminophenoldiethyl aminoacetic ester), is a
water-soluble prodrug of acetaminophen that can be adminis-
tered intravenously over 15 min. It is rapidly hydroxylated into
acetaminophen (1 g propacetamol = 0.5 g acetaminophen).’**

The T,,abs of acetaminophen from the duodenum is rapid
(4.5 minutes) in children who were given acetaminophen as an
elixir." The Tyabs in infants under the age of 3 months was
delayed (16.6 minutes), consistent with delayed gastric emptying
in young infants.”*'"*> In contrast, rectal absorption is slow and
erratic with large variability. For example, absorption parameters
for the triglyceride base were a T;j,abs of 1.34 hours (coefficient
of variation [CV] = 90%) with a lag time before absorption began
of 8 minutes (CV = 31%). The T} ,abs for rectal formulations was
prolonged in infants less than 3 months (1.51 times greater)
compared with those in older children.'**

Sulfate metabolism is the dominant route of elimination in
neonates, while glucuronide conjugation (via UGT1A6) is domi-
nant in adults. A total body clearance of 0.74 L/hr/70 kg at
28 weeks PMA and 4.9 L/hr/70 kg (CV = 38%) in full-term
neonates after enteral acetaminophen has been reported using an
allometric ¥-power model."”** Clearance increases over the first
year of life (see Fig. 6-10) and reaches 80% of that in older chil-
dren (16 L/ht/70 kg) by 6 months postnatal age.”*'” Similar
clearance estimates are reported in neonates after [V formulations
of acetaminophen.'**>!*3 The relative bioavailability of the oral
formulation is 0.9.

The Vd for acetaminophen is 49 to 70 L/70 kg. The Vd
decreases exponentially, with a TM;, of 11.5 weeks, from
109.7 L/70 kg at 28 weeks PCA to 72.9 L/70 kg by 60 weeks,
reflective of fetal body composition and water distribution
changes over the first few months of life.”®



E-FIGURE 6-17 The conversion of arachidonic acid to prostaglandin G,
(PGG,), the precursor of the prostaglandins, is controlled by prostaglandin
H, synthetase. Prostaglandin H, synthetase comprises two sites, a
cyclooxygenase site and a peroxidase site. PGE,, Prostaglandin E,;
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The toxic metabolite of acetaminophen, N-acetyl-p-
benzoquinone imine (NAPQI), is formed by CYP2E1, 1A2, and
3A4. This metabolite binds to intracellular hepatic macromole-
cules to produce cell necrosis and other damage. Infants less than
90 days postnatal age have decreased expression of CYP2E1 activ-
ity in vitro compared with older infants, children, and adults,"**
CYP3A4 appears during the first week after birth, whereas
CYP1A2 appears later.® Neonates can produce hepatotoxic
metabolites (e.g., NAPQI), but the reduced activity of CYP in
neonates may explain the rare occurrence of acetaminophen-
induced hepatotoxicity in neonates. Nonetheless, two massive
10-fold overdoses of paracetamol were reported in infants and
underscore the need for extreme care when administering IV
forms of acetaminophen.'™*® Neither infant progressed to acute

coefficient, see Fig. 6-5) of the concentration-response curve was
steeper than that for acetaminophen (Hill = 2 for ibuprofen, Hill
=1 for acetaminophen) indicating a more rapid onset of analge-
sia. NSAIDs are rapidly absorbed in the gastrointestinal tract
after oral administration in children. The relative bioavailability
of oral preparations approaches unity. The rate and extent of
absorption after rectal administration of NSAIDs such as ibupro-
fen, diclofenac, flurbiprofen, indomethacin, and nimesulide, are
less than after the oral routes.

The Vd is small in adults (less than 0.2 L/kg) but larger in
children. Preterm neonates (22 to 31 weeks gestational age) given
IV ibuprofen had a Vd of 0.62 + 0.04 L/kg."*** One paper reported
a dramatic reduction in ibuprofen central volume after closure
of the PDA in preterm neonates (0.244 vs 0.171 L/kg).”*>* The
NSAIDs, as a group, are weakly acidic, lipophilic, and highly
protein bound. The impact of altered protein binding is probably
minimal with routine dosing, because NSAIDs cleared by the
liver have a low hepatic extraction ratio.*'

NSAIDs undergo extensive phase I and phase II enzyme bio-
transformation in the liver, with subsequent excretion into urine
or bile. Renal elimination is not an important elimination pathway
for the commonly used NSAIDs. PK parameter variability is large,
in part attributable to covariate effects of age, size, and pharma-
cogenomics. Ibuprofen, for example, is metabolized by the
CYP2C9 and CYP2C8 subfamily. Considerable variation exists in
the expression of CYP2C activities among individuals, and func-
tional polymorphism of the gene coding for CYP2C9 has been
described.'”® CYP2C9 activity is low immediately after birth (21%
of adult values), subsequently increasing progressively to reach a
peak activity within 3 months, when expressed as mg/kg/hr.'**¢

Clearance (L/hr/kg) is generally greater in children than it is
in adults, as we might expect when the linear per kilogram model
is used. Ibuprofen clearance maturation follows the similar
pattern to other drugs (Fig. 6-4). Clearance increases from
2.06 mL/hr/kg in extreme preterm neonates 22 to 31 weeks
PMA,”* to 9.49 mL/hr/kg in preterm neonates 28 weeks
PMA,"%** peaking at 140 mL/hr/kg in preschool children, before
decreasing again during late childhood and adolescence (71 mL/
hr/kg).”*” Similar data exist for indomethacin,'3*19%15%

Many NSAIDs exhibit stereoselectivity.”® Ibuprofen stereo-
selectivity is reported in preterm neonates (less than 28 weeks
gestation). R- and S-ibuprofen half-lives were about 10 hours and
25.5 hours, respectively. The mean clearance of R-ibuprofen
(12.7 mL/hr) was about 2.5-fold greater than that of S-ibuprofen
(5.0 mL/hr).>!

During pregnancy, there is relatively little transfer of NSAIDs
from maternal to fetal blood. Very small quantities of NSAIDs
are secreted into breast milk. Similarly, infant exposure to ketoro-
lac via breast milk is estimated to be only 0.4% of maternal
exposure.'**?

NSAIDs undergo drug interactions through altered clearance
and competition for active renal tubular secretion with other
organic acids. A high fractional protein binding has been pro-
posed to explain drug interactions between NSAIDs and oral
anticoagulant agents, oral hypoglycemics, sulfonamides, biliru-
bin, and other protein bound drugs. One paper””®® showed that
warfarin administered with phenylbutazone increased both
plasma warfarin concentrations and the prothrombin time in
normal volunteers. However, while phenylbutazone displaces
warfarin from its albumin binding sites in vitro, this observation
does not explain changes in prothrombin time. The increased
prothrombin time is a result of increased serum warfarin
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concentrations attributed to reduced clearance, and not from
changes in protein binding.®! Both warfarin and phenylbutazoyd

The PK, standardized using allometry, are similar in adults
and children (E-Table 6-5). The terminal elimination half-life in
children 4 to 8 years of age is approximately 6 hours, although
there is considerable variability."**”'** PK may also be influenced
by chronobiology”* and many NSAIDs exhibit stereoselectivity.
Ketorolac is supplied and administered as a racemic mixture that
contains a 1:1 ratio of the R(+) and S(-) stereoisomers. Pharma-
cologic activity resides almost exclusively with the S(-) stereoiso-
mer."***1% Clearance of the S(-) enantiomer was four times that
of the R(+) enantiomer (6.2 vs 1.4 mL/min/kg) in children 3 to
18 years."”"! Terminal half-life of S(-)-ketorolac was 40% that of
the R(+) enantiomer (107 vs 259 min), and the Vd of the S(-)
enantiomer was greater than that of the R(+) form (0.82 vs
0.50 L/kg). Recovery of S(-)-ketorolac glucuronide was 2.3 times
that of the R(+) enantiomer. Because of the greater clearance and
shorter half-life of S(-)-ketorolac, PK predictions based on
racemic assays may overestimate the duration of pharmacologic
effect.”””!

One of the major concerns with ketorolac is the inhibition of
platelet function through inhibition of cyclooxygenase, and the
consequent potential for postsurgical bleeding. Ketorolac has
been shown to have minimal effect on prothrombin and partial
thromboplastin times but has been shown to cause modest
increases in the bleeding time.'*>****15 Unlike aspirin, the ketor-
olac antiplatelet effect is reversible and, therefore, the effect is
dependent on the presence of ketorolac within the body."** This
effect on platelet function has been of most concern in children
undergoing adenotonsillectomy.'””'*® In the studies reporting
posttonsillectomy bleeding, most involved administration of the
ketorolac during or at the beginning of the surgical procedure,
before hemostasis was achieved. In addition, the increased inci-
dence of bleeding appears to be primarily during the first
24 hours, which corresponds to the several half-lives it would
take to eliminate ketorolac from the body. The incidence of
bleeding after the first 24 hours does not appear to be differ-
ent."”! Tt would therefore be reasonable to not administer this
medication until the end of surgery, after hemostasis is achieved.
Some practitioners eschew this issue altogether and only admin-
ister ketorolac when the potential for a life-threatening hemor-
rhage is less.'*”* Concerns regarding the possibility of postoperative
hemorrhage appear to be valid, but the true frequency of life-
threatening bleeding due exclusively to ketorolac is quite
small."¥-1921605 One paper reported a dose-response relationship
for this bleeding propensity; the risk associated with the drug was
larger and clinically important when ketorolac was used in higher
doses, in older subjects, and for more than 5 days.'** Safety
assessment showed no changes in renal or hepatic function tests,
surgical drain output, or continuous oximetry between groups
given placebo, 0.5 mg/kg, or 1 mg/kg at 6 to 18 hours after
surgery.”**** Many clinicians discuss the possible use of ketoro-
lac with the surgeon before administering it and document the
conversation in the anesthesia record. Ketorolac can be used to
treat pain after congenital heart surgery without an increased risk
of bleeding complications.'®” Ketorolac has been safely used to
provide analgesia for preterm and term infants, but the PK in
this age group has not been described.'”

Another concern is the potential for adverse effects on bone
healing, particularly spinal fusion.'**®!*® Evidence suggests that
nonunion of the spine is associated only with large-dose and not
low-dose ketorolac. Ketorolac has been used safely to provide
analgesia for other types of orthopedic conditions as well.'¢!!¢!!
One other concern is the report of sudden and profound
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