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The last thirty years has seen some spectacular advances in the diagnosis and
management of children with congenital and acquired heart disease. In the
former instance, we have moved from an era of an early palliative surgical
approach followed by later repair when mortality of 10 % or higher was
common to the modern approach of surgical reconstruction in infancy with
a mortality of less than 5 %. Underlying this success story are contributions
from all the groups that are involved in the care of children with heart disease
including pediatric cardiac nurses, cardiologists and cardiac surgeons,
perfusionists, anesthesiologists and pediatric intensivists. They are all
members of a team and teamwork is the key ingredient of high performing
pediatric cardiac programmes.

My own area of intensive care medicine is an essential part of that team and
has now developed into a specialty of pediatric cardiac critical care in it’s own
rite with an expectation that physicians should have a comprehensive knowl-
edge of cardiac anatomy and physiology as well appropriate training in pedi-
atric intensive care medicine. The newer generation of trainees will also be
expected to have expertise in echocardiography, extracorporeal technology and
mechanical support. This Textbook of Pediatric and Congenital Cardiology,
Cardiac Surgery and Intensive Care will be source material for all this because
it covers every aspect of heart disease in children and will be an invaluable
resource for all team members in the pediatric cardiac programme.

Desmond Bohn, MB FRCPC,

Professor of Anesthesia and Pediatrics

Former Chief, Department of Critical Care Medicine
The Hospital for Sick Children, Toronto

University of Toronto
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To say that this text is a monumental undertaking is an understatement.
The crux of this work is in the subtitle. It is comprehensive, interdisciplinary,
and, perhaps most importantly, interactive. There are several excellent
existing textbooks of pediatric cardiology, most of which follow a familiar
format of chapters on anatomy and embryology, structural malformations,
myocardial/inflammatory diseases, and perhaps heart failure and pulmonary
hypertension. None that I know of, cover such a diverse range of subjects
as this text: therapeutic hypothermia and tracheal reconstruction; venous
thromboembolism and trypanosomiasis; Takayasu disease and Nursing.
Authorship is likewise diverse, with contributors from all across the world.

Medicine is an extremely rapidly changing field. The time, often years,
between the decision to publish a textbook and the actual publication
frequently means that much of what is written is out of date by the time of
publication. Thus the decision of the editors and publisher to create both
a print and a web version, the latter to be updated frequently and read on
a peripheral mobile device help make it both current and accessible. No one
carries a large textbook into the ER in the middle of the night, but everyone
carries a mobile phone.

Howard P. Gutgesell, MD

Professor of Pediatrics, Emeritus
University of Virginia Medical School
Charlottesville, Virginia






Sixty years ago on May 6 1953 John Gibbon was the first to achieve
successful repair of a congenital heart defect using a heart lung machine.
What is often forgotten however is that Gibbon’s subsequent five patients
did not survive. Many other pioneers of cardiac surgery of that era had
equally dismal results. Today the outlook for the child with congenital heart
disease has improved dramatically. At the top of my list of reasons for that
improvement has been the establishment of cohesive interdisciplinary teams
of individuals dedicated to the care of patients with congenital heart disease.
While these individuals may have expertise in an incredibly specialized area
of cardiac surgery, cardiology, cardiac anesthesia, cardiac intensive care,
perfusion, cardiac nursing or many of the essential ancillary healthcare
support areas, their individual contribution to the successful care of
a child with a complex congenital heart problem is only as good as the
weakest link in the entire team. This stunning new textbook edited by
Eduardo M. da Cruz, Dunbar Ivy and James Jaggers brings together authors
from all of the many components of the healthcare team devoted to care of
the individual, both adult and pediatric, with congenital heart disease. The
primary editors have assembled a team of specialist sub-editors who have
each assembled a sub-team of contributors from around the globe. One of
the great joys of working within the field of congenital heart disease is that in
contrast to many other medical specialties, we are a relatively small family
who have come to know each other on a global scale, symbolized by our
quadrennial meeting at the World Congress of Pediatric Cardiology and
Congenital Heart Surgery.

The authors have brought the reader into the new millennium of publishing
by creating an electronic version of this textbook that includes access to
videos demonstrating surgical technique as well as diagnostic modalities.
The exhaustiveness of the coverage is truly breathtaking. Just reading the
list of contents and appreciating the breadth of coverage draws attention to the
very considerable care and effort that the editors have put into assembling
this unique book. Whether a cardiologist, cardiac surgeon, cardiac intensivist,
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a cardiac anesthesiologist or a nurse in the intensive care unit or any one of the
many supporting allied healthcare workers in the field of congenital cardiac
care, the reader will surely not be disappointed.

Richard Jonas, MD

Professor of Pediatric Cardiac Surgery

Chief of Cardiovascular Surgery and

co-director of the Children’s National Heart Institute
Children’s National Medical center

Washington, DC, USA

Foreword IlI



Pediatric and congenital cardiac patients, from the fetus to the adult, remain in
the current century a complex challenge in an ever evolving discipline.
Successful cardiovascular programs currently deal with the most critical
patients by promoting a horizontal convergence of multiple specialties.
Many, if not most, programs have multidisciplinary teams available, and
yet the challenge remains to make these teams operate as interdisciplinary.
Two key goals ought to be pursued in order to achieve successful short and
long term outcomes with pediatric cardiac patients. Firstly, the driving force
should always be quality improvement and safety, and secondly good com-
munication shall prevail. There are two main pillars of the latter endeavors,
namely individual-based and system-based principles. Individual-based prin-
ciples are quite subjective and more difficult to manage, since they depend on
personalities and behavior. In a balanced environment, individuals should be
able to endorse a willingness to develop exhaustive knowledge, team work,
trust, self-awareness, capacity to listen, common sense and respect. System-
based practices are more objective, and although requiring cultural changes,
promote consistency, harmonious interaction and better outcomes. Such
practices allow the development of common paths for the team to follow,
whilst enhancing good communication and reducing risks, optimizing
prevention of complications, better handling fluctuations and identifying
outliers, and predicting likely outcomes based on accurate data. The
implementation and consolidation of efficient programs require systematic
audits, development of sound database platforms, development of plans to
address deficiencies, implementation of simulation and quality improvement
and safety programs, and the eagerness for transparency and to share the
available information with staff, patients and their families in a non-
repressive and constructive atmosphere. Such models are not of the realm
of utopia, although they are challenging to establish, at least whilst inducing
the required cultural changes and promoting the conviction of their
usefulness.

The textbook of Pediatric and Congenital Cardiology, Cardiac Surgery and
Intensive Care intends to achieve an ultimate objective beyond providing
reliable scientific information. It endeavors to symbolize the imperative need
for a cohesive and transparent interdisciplinary blend of expertise, by bring-
ing together world renowned authors from different regions around the Globe,
and representing the many specialties concerned by and involved in the
management of pediatric patients with congenital and acquired cardiac
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diseases. We have been privileged to gather many experts from reference
programs to whom we will remain forever grateful. As much as we have
endeavored to remain consistent, some authors may express personal opin-
ions and hypothesis in a constructive manner, which -as we expect- may help
readers understand the many facets and complexities of patient management
at different levels. Very importantly, in this project readers will be able to
access a website which we see as a source of constantly updated information,
including videos dedicated to diagnosis and surgical interventions, and that
should evolve overtime into a more interactive tool. We sincerely hope that
the Textbook of Pediatric and Congenital Cardiology, Cardiac Surgery and
Intensive Care will become a useful tool in the armamentarium of those
caring for such complex patients; we aim to provide updated information to
help caregivers become better practitioners and human beings. If so, this
textbook would have achieved its raison d’ étre.

July 2013 Eduardo M. da Cruz
Aurora, CO, USA

Dunbar Ivy

Aurora, CO, USA

James Jaggers

Aurora, CO, USA
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Abstract

There has been a growing awareness of genetic triggers and associated
cardiovascular disease. The genetic basis for heart and vascular conditions
is heterogeneous and includes genomic disorders; de novo dominant and
familial dominant mutations; autosomal recessive, X-linked, recurrent
copy number variations; complex patterns of inheritance; and mitochon-
drial inheritance. There are more than 100 genes associated with congen-
ital and/or progressive cardiac abnormalities, and the list is expanding at
arapid rate. These recognized genes encode for ion channels, transcription
factors, transduction pathways, mitochondrial proteins, enzymes involved
in lysosomal activity, and some other functions that are well recognized to
cause genomic disorders with cardiovascular involvement. Advances in
genetic analysis have had a significant impact on the current practice of
cardiovascular medicine in both children and adults, providing a better
understanding of the genetic etiologies for these disorders and assisting in
defining clinical phenotypes, ongoing management, and offering potential
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insight into long-term prognosis. In this chapter we provide a description
of different conditions that encompass single-gene mutations associated
with congenital and acquired cardiovascular disease.

Keywords

Cardiovascular genetics « Gene » Genetic syndrome « Mutation

Connective Tissue Disorders

These hereditary disorders include any disease that
has the connective tissues of the body as a target of
pathology. Connective tissue is a biological tissue
with an extensive extracellular matrix that
supports and binds organs together. Genetic
defects in structural connective tissue proteins or
their signaling pathways represent a risk for arte-
rial tortuosity and development of aneurysms with
subsequent dissection (i.e., aorta and carotid arter-
ies). In addition to the vasculature involvement,
some structural heart defects such as patent ductus
arteriosus (PDA), bicuspid aortic valve (BAV),
and coarctation of the aorta (CoA) may be present.
These disorders include Marfan syndrome (MFS),
Loeys-Dietz syndrome (LDS), and Ehlers-Danlos
syndrome (EDS) and non-syndromic conditions
such as familial thoracic aortic aneurysmal
disease, all of which carry varying degrees of risk
for dissection. Contact sports and heavy weight
training should be avoided in all.

Marfan Syndrome (MFS)

MFS is an autosomal dominant disorder with
a high degree of clinical variability and
a prevalence of 1 in 5,000-10,000. The typical
phenotypic features of MFS involve the ocular,
skeletal, and cardiovascular systems. Up to 90 %
of individuals with a clinical diagnosis of Marfan
syndrome have mutations in FBN1, a gene that
codes for fibrillin-1, a structural component of
microfibrils, which provides mechanical stability
and elastic properties to connective tissues [1-3].
The clinical diagnosis of MFS is based in the
recently revised Ghent criteria [94], which places
more emphasis on the cardiovascular manifesta-
tions and in which aortic root aneurysm and

ectopia lentis are the cardinal clinical features.
In the absence of any family history, the presence
of these two manifestations is sufficient for the
unequivocal diagnosis of MFS; in the absence of
either of these two, the presence of a bonafide
FBNI mutation or a combination of systemic
score >7 is required. In the case of a positive
family history of MFS, an isolated finding of
ectopia lentis, aortic root enlargement, or
a systemic score >7 suffices [1]. The major
sources of morbidity and early mortality in MFS
are related to cardiovascular pathology. These
manifestations include dilatation of the aorta,
predominantly at the level of the sinuses of
Valsalva, mitral valve prolapse with or without
regurgitation, tricuspid valve prolapse, and
enlargement of the proximal pulmonary artery
[4-6]. Ongoing clinical assessment of aortic
involvement has revealed that dilatation can
occur at any level including the aortic annulus,
sinotubular junction, or ascending aorta. Recent
guidelines for management of genetic syndromes
associated with thoracic aneurysms suggest an
echocardiogram at diagnosis and at 6 months
thereafter. Subsequently, annual imaging is
recommended for patients with stable aortic
diameter less than 4.5 cm [7]. This practice may
be modified and performed more often in the
pediatric population, especially around the time
of puberty [8]. Evaluation for surgical repair is
recommended at a diameter of 5.0 cm. However,
some additional factors may prompt a more
thoughtful evaluation which include rapid growth
(greater than 0.5 cm/year), family history of aor-
tic dissection at less than 5.0 cm, the presence of
significant aortic regurgitation, and the associa-
tion of mutations within the exons 24-32 in the
FBNI gene which have been associated with a
phenotype that is in the severe end of the clinical
spectrum. This genotype is also known as neonatal
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MES [7]. The primary pathology is related to alter-
ations in TGFp signaling due to loss of fibrillin-1.
The increase in active TGFf signaling has been
shown to cause aortic root dilatation, lung bullae,
and impaired muscle regeneration. Angiotensin-II
receptor blockers antagonize TGFf signaling.
Early trials with losartan showed marked success
in ameliorating the effects of elevated TGFp sig-
naling in a mouse model and in a small trial in
patients with MFES [9, 10]. The results of the mul-
ticenter Pediatric Heart Network (PHN) study
comparing losartan versus atenolol are not yet
available but enrollment is complete.

With proper management, the life expectancy
of someone with Marfan syndrome approximates
that of the general population. However, this
good outcome occurs only if the patient receives
comprehensive cardiovascular care by a cardiol-
ogist knowledgeable and experienced in the care
of patients with MFS.

Loeys-Dietz Syndrome (LDS)

LDS is a recently described autosomal dominant
syndrome which has features similar to MFS but
is caused by mutations in the genes encoding the
transforming growth factor beta receptor 1
(TGFBRI) or 2 (TGFBR2) [11, 12].

The main organ systems affected by mutations
in these genes include the skeletal, craniofacial,
cutaneous, and vascular. Skeletal manifestations
include pectus excavatum or carinatum, scolio-
sis, joint laxity, arachnodactyly, and talipes
equinovarus, but patients do not present signifi-
cant long bone overgrowth. Craniofacial findings
include ocular hypertelorism, bifid uvular/cleft
palate, and craniosynostosis. In contrast to MFS,
these patients do not develop lens dislocation.
Cutaneous features include translucent skin,
easy bruising, and dystrophic scars. The vascular
findings include arterial aneurysms and tortuos-
ity, which are typically more aggressive than
MFS and often present at sites distant from the
aortic root [11, 12]. In actuality, arterial disease
can present anywhere in the arterial tree making
surveillance challenging. Arterial dissection can
occur at diameters smaller than those observed in

MES implying that earlier surgical intervention
[13]. LDS type 1 patients present more with typ-
ical craniofacial features, while LDS type 2
patients mostly lack the craniofacial features but
present with more cutaneous findings. However,
no set of diagnostic criteria has been established
and the diagnosis should thus be confirmed by
molecular genetic testing [13]. Elective aortic
root replacement is recommended when the max-
imal diameter reaches 4.0 cm in adults or adoles-
cents. Elective root replacement is recommended
in children who show progressive aortic dilata-
tion (>0.5 cm/year) and who have an annulus of
sufficient size to accept a graft that will accom-
modate growth. Frequent evaluation of the aortic
root along with annual CT or MR angiography
for surveillance of the entire arterial tree is
suggested [14].

Thoracic Aortic Aneurysm
and Dissection (TAAD)

TAAD is an autosomal dominant disorder with-
out other systemic manifestation. Structural heart
defects such as bicuspid aortic valve, aortic
coarctation, or patent ductus arteriosus may also
be identified [15]. The aortic disease observed is
similar to that observed in Marfan syndrome and
includes dilatation of the aorta and dissections at
either the level of the sinuses of Valsalva or other
aortic thoracic segments.

Aortic tissues from affected individuals shows
aortic medial degeneration, focal areas of medial
hyperplasia, and disarray for which recent guide-
lines for the management of thoracic aortic dis-
ease have been established [7]. Mutations in
MYHI1, SMAD3, SLC2A10, ACTA2, TGFBRI,
TGFBR2, and MYLK have been associated in
individuals with TAAD [13, 16, 17]. These gene
mutations cause ~20 % of the TAAD cases,
indicating substantial locus heterogeneity in this
condition [15]. Positive genetic testing deter-
mines whether ongoing cardiac surveillance is
necessary. In the absence of an identifiable
disease-causing mutation in the index case, aortic
imaging is recommended for all first-degree rel-
atives to identify those with asymptomatic



disease. If a pathologic genetic mutation is found,
at-risk family members can have targeted testing.

Vascular Ehlers-Danlos
Syndrome (EDS)

Vascular EDS, also known as type IV EDS, auto-
somal dominant manner in individuals with
mutations in the COL3AI gene thus affecting
type-III collagen. About 50 % of affected indi-
viduals have a de novo mutation [18]. Typical
clinical manifestations of vascular EDS include
thin, translucent skin, characteristic facial
appearance (large eyes, small chin, sunken
cheeks, thin nose and lips, lobeless ears), vascular
fragility demonstrated by extensive bruising and
easy Dbleeding, and spontaneous arterial/
intestinal/uterine ruptures [19]. The diagnosis of
EDS type 4 is based on clinical findings and
confirmed by identification of a causative muta-
tion [18-20]. Vascular EDS causes severe fragil-
ity of connective tissues with arterial and
intestinal ruptures. Following confirmatory
genetic testing, long-term follow-up is required,
including medical treatment when appropriate.

Osteogenesis Imperfecta (Ol)

Ol is a group of connective tissue disorders
caused by defective synthesis of collagen type 1.
Clinical features include the blue sclera, patho-
logic fractures, conductive and sensorineural
hearing loss, and dental abnormalities. Cardio-
vascular involvement is a less common feature
but when present may include pathology of left-
sided heart valves and enlargement of the aortic
root and ascending aorta in up to 12 % [21].

Cardiomyopathies

Cardiomyopathies (CMs) are one of the leading
causes of morbidity and mortality in children and
neonates and are responsible for a significant per-
centage of cardiac deaths and heart transplant [22].
It is well established that these disorders are also
caused by defects in genes that encode proteins
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involved in key “final common pathway” that,
when disturbed, lead to the clinical phenotypes
that define these heart muscle diseases [23].

Cardiomyopathies are subdivided into dilated,
hypertrophic, restrictive, arrhythmogenic right
ventricular, advised to seek cardiac and genetic
clinical evaluation.

Dilated Cardiomyopathy

Idiopathic dilated cardiomyopathy (DCM) is the
most common form of cardiomyopathy, account-
ing for approximately 55 % of cases, and is also
the most common cause of cardiac transplanta-
tion in children [24]. The pathophysiologic fea-
tures include increased ventricular volume with
ventricular wall thinning and moderate to severe
myocardial dysfunction that typically involves
the left ventricle [24]. Increasingly, it is being
recognized that many of these cases have identi-
fiable genetic mutations that are causative of dis-
ease. In advanced practices caring for these
patients, genetic testing is playing a larger role
in clinical diagnosis and management.

Patients present marked clinical variability. In
infants it may be manifested initially by
tachypnea, decreased oral intake, and failure to
thrive. In older children, symptoms may include
diaphoresis, chest pain, palpitations, orthopnea,
and decreasing exercise tolerance. Electrocardio-
graphic changes may include conduction system
disease, brady- or tachyarrhythmias, atrial
enlargement, ventricular hypertrophy, ST seg-
ment changes, T wave inversion, or pathologic
Q waves. Noninvasive imaging studies such as
echocardiography or MRI may reveal
cardiomegaly with or without pulmonary
edema, impaired systolic and/or diastolic func-
tion, and chamber enlargement. Troponin and
B-type natriuretic peptide may be elevated and
can offer insight into etiology and prognosis.

Familial DCM (FDCM) is defined as the pres-
ence of DCM in two or more first-degree relatives.
The incidence is likely underestimated due to the
diversity of inheritance patterns, timing of presen-
tation, and variable penetrance, as well as a lack of
symptoms in some affected individuals [25, 26].
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The predominant pattern is autosomal dominant,
accounting for at least 30-50 % of cases, and its
clinical course may involve heart failure, arrhyth-
mias or conduction disease (commonly associated
with fibrosis), or be completely asymptomatic [27].
In FDCM, more than 25 genes have been iden-
tified which primarily encode for cytoskeletal
(thought to cause defects in force transmission)
and sarcomeric proteins (thought to cause defects
in force generation). In a smaller number, genes
encoding ion channels or channel-interacting pro-
teins, the nuclear membrane, and mitochondrial
functions have also been involved [25, 27-29]. In
either case, the cardiomyocyte is susceptible to
stress due to fragility or dysfunction of mutant
proteins, disturbed mitochondrial function lead-
ing to inefficient ATP production or utilization,
and dysfunction of the contractile apparatus [23].
In X-linked DCM, most cases are caused by
mutations in the very large dystrophin gene, DCM
with variable severity of skeletal myopathy, in the
form of Duchenne (DMD) and Becker (BMD), or
isolated, called X-linked cardiomyopathy
(XLCM) may be identified. Other less common
X-linked forms of DCM are found associated with
Barth syndrome, caused by mutations in the
tafazzin (TAZ) gene, or Danon disease, caused
by LAMP-2 mutations in the dystrophin (DMD)
gene in young males, showing progressive cardiac
disease and elevated serum creatine kinase with-
out the classic features of DMD and BMD [31].
The dystrophin gene is located in the short arm
of the X chromosome and encodes for the protein
dystrophin, a cytoskeletal protein that provides
structural support to the cardiomyocyte and also
plays a major role in linking the sarcomeric con-
tractile apparatus to the sarcolemma and extra-
cellular matrix [32]. DMD and BMD are severe
muscular dystrophies of childhood onset affect-
ing 1 in 3,500 boys in DMD and 1 in 300,000
boys in BMD [32]. Typically they are character-
ized by skeletal myopathy, elevated serum crea-
tine kinase, and calf pseudohypertrophy [32, 33].
Among them, DMD is the more severe form, due
to an absence of functional dystrophin, which
leads to amount or quality of protein expression
which leads to muscle weakness by the age 3 and
wheelchair dependence by age 12 in DMD. In

BMD, the onset of clinical features starts later
in life. The cardiac involvement varies with age
but it is present at 20 years in all DMD and 70 %
of BMD patients [33]. Histological studies show
cardiac muscle replacement with fat tissue and
fibrosis. The fibrosis eventually leads to ventric-
ular dysfunction and ventricular enlargement.
The conduction system can also be affected by
fibrosis, thus annual screening for arrhythmias is
warranted [33]. Molecular analysis for the DMD
gene is indicated for diagnosis. If no mutation is
detected, skeletal muscle biopsy should be con-
sidered for Western blot and immunohistochem-
istry studies [24, 25, 28] although this is done
rarely now in clinical practice.

Female carriers of DMD, BMD, and X-linked
DCM are at risk to develop DCM [95]. Although
less severe, a complete cardiac evaluation every
5 years starting at late adolescence or early adult-
hood is warranted [34].

Barth syndrome is an X-linked skeletal mito-
chondrial myopathy caused by mutations in the
G4.5 gene that encodes for the protein Tafazzin
[35]. TAZ gene, previously called G4.5, that
encodes for the protein tafazzin. Tafazzin is a
key protein required in the synthesis of the mem-
brane phospholipid cardiolipin, which is defec-
tive when TAZ is mutated. The condition is
typically diagnosed in male neonates with vari-
able cardiomyopathy (DCM with or without
endocardial fibroelastosis), LV noncompaction,
or hypertrophic cardiomyopathy), with or with-
out and 3-methylglutaconic aciduria [35].
Although some children die in infancy (due to
progressive heart failure, sepsis, or sudden death),
many survive into childhood. Mutations in the
TAZ gene also cause endocardial fibroelastosis,
and isolated left ventricular noncompaction
cardiomyopathy [36]. Ongoing surveillance of
cardiac function is necessary with the use of
appropriate medical and surgical therapy, includ-
ing cardiac transplantation, as indicated.

Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a primary
myocardial disorder with autosomal dominant



pattern of inheritance in most of the cases. HCM is
characterized by the presence of hypertrophied
and non-dilated ventricular chambers in the
absence of another cardiac or systemic disease
capable of producing the magnitude of wall thick-
ening. It is histopathologically associated to vari-
able myocyte hypertrophy with disarray and
myocardial fibrosis [37]. HCM accounts for
~40 % of childhood cardiomyopathies and has
an incidence of 0.47 in 100,000 children [38].

The sarcomere is a protein complex with mul-
tiple protein interactions, including the thick
myofilament proteins: the B-myosin heavy chain
(B-MyHC; MYH?7), the ventricular myosin
essential light chain 1 (MLC-1s/v), and the
ventricular myosin regulatory light chain 2
(MLC-2s/v); the thin myofilament proteins (car-
diac actin, cardiac troponin T (cTnT), cardiac
troponin I (cTnl), and a-tropomyosin (a-TM));
and one myosin-binding protein or binding pro-
tein C (cMyBP-C). There are also proteins
involved in the architecture of the sarcomeres
like the Z-disc and muscle LIM proteins. One or
multiple genes that exhibit tissue-specific, devel-
opmental, and physiologically regulated patterns
of expression encode each of these proteins.

More than 1,400 mutations in 27 identified
genes have been associated with HCM; the vast
majority have autosomal dominant transmission,
but mitochondrial and autosomal recessive pat-
terns have been also described [37, 39, 40]. The
prevalence of causal genes varies among different
populations, but overall, the collective results of
genetic epidemiology studies suggest that two-
thirds of causal genes have been identified. The
most common causal genes are MYH7 and
MYBPC3 accounting for 30 % of all the cases of
HCM. Mutation in TNNT2 and TNNI3 is less com-
mon and accounts for 10-15 % [41].

The majority of the HCM-disease-causing genes
identified code for proteins that are part of the
sarcomere. It is hypothesized that the genetic defect
in a gene encoding a sarcomeric protein disrupts
normal contraction and relaxation accumulating
calcium in the sarcomere. Thus, reduction of cal-
cium reuptake and reduced stores in the sarcoplas-
mic reticulum will trigger a remodeling process by
several transcription factors resulting in the
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hypertrophy of the cardiomyocytes and an
increased energy demand, which eventually result
in ischemia, death, and fibrosis.

The clinical presentation may include multiple
clinical abnormalities such as LV outflow tract
obstruction (LVOTO), diastolic dysfunction,
mitral regurgitation, myocardial ischemia, and
arrhythmias [42]. The progression to the “end
stage” of the disease is the systolic dysfunction
characterized by dilatation of the left ventricle
and wall thinning, resembling the phenotype
of DCM.

Cardiac examination and noninvasive imaging
are the conventional methods to make the diag-
nosis. Molecular analysis is commercially avail-
able and provides important value for early
diagnosis, risk stratification, and implementation
of preventive measurements. Nonetheless, clini-
cians should be aware that phenotype-genotype
correlation has not been completely deciphered
and specific causal mutations can be heteroge-
neous or clinically modified by environmental
factors [37—40, 42—44].

Left Ventricular Noncompaction
(LVNC) Cardiomyopathy

LVNC is arelatively new clinical entity classified
as a primary cardiomyopathy of genetic origin by
the American Heart Association [24]. The devel-
oping heart during embryogenesis occurs in dif-
ferent stages, including the formation of two
different myocardial layers between the ventric-
ular walls. These include the trabecular layer and
the subepicardial compact layer. The endocar-
dium constitutes the cellular base for the trabec-
ular layer, and the compact layer is formed
underneath the epicardium. Prior to the develop-
ment of the coronary circulation, the myocardium
is a meshwork of interwoven myocardial fibers
with deep intertrabecular recesses, which are
responsible for blood supply to the myocardium
[45]. During the weeks 5-8 of embryologic
development, the large intertrabecular spaces
narrow into small capillaries within the trabecu-
lar meshwork and parallel establishment of the
coronary vessels [45]. Thus regression or
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persistence of the deep intertrabecular recesses
between the myocardium and the LV cavity orig-
inates LVNC [46].

The first genetic cause of isolated LVNC was
initially described in 1997 in the gene G4.5/TAZ
on Xq28, in patients and carrier females [47].
TAZ, which encodes a novel protein family
(tafazzins), is responsible for Barth syndrome
and other forms of infantile cardiomyopathies
including LVNC [48, 49]. Genes responsible for
autosomal dominant LVNC have more recently
been identified and encode cytoskeletal and sar-
comere proteins most commonly. These include
a-dystrobrevin, dystrophin, ZASP, B-myosin
heavy chain (MYH7), a-cardiac actin (ACTC),
and cardiac troponin T (TNNT2) [49]. Mutation
analysis of the mitochondrial genome has also
identified gene mutations causing LVNC [50].
Moreover, mutations in genes involved in
myocardial —genesis such as peroxisome
proliferator activator receptor-binding protein
(PBP), jumonji (JMJ), FK506-binding protein
(FKBP12), and transcription factor specificity
protein 10 (BMP10) led to congenital LVN in
knockout mice [51].

The clinical presentation is variable and it may
present as an isolated asymptomatic finding or
with signs and symptoms of heart failure during
infancy, childhood, adolescence, or adulthood
[49]. In some patients, particularly young babies
with a dilated and hypertrophic form of LVNC,
an “undulating phenotype” where the LV pheno-
type changes (for instance, from dilated/
hypertrophic to hypertrophic and then back to
dilated/hypertrophic with systolic dysfunction).
Other associated symptoms may include stroke,
syncope, and sudden death [36, 45-47]. LVNC
has been observed in a variety of neuromuscular
disorders, metabolic and mitochondrial disease,
structural heart malformations, heterotaxy, and
chromosomal abnormalities.

Arrhythmogenic Right Ventricular
Cardiomyopathy (ARVC)

ARVC is an inherited cardiac disorder character-
ized by progressive myocyte loss, which occurs

primarily in the right ventricle (RV), and subse-
quent replacement of the myocardium with
fibrofatty tissue [52, 53]. Prevalence has been
reported as common as 1 in 5,000 habitants
[54]. It is considered a genetic cardiomyopathy
since up to 50 % of the patients harbor an identi-
fied mutation [55]; nonetheless, infections with
coxsackievirus B3 and adenovirus have been
reported as well [55, 56]. Genes encoding for
desmosome proteins or desmosome interacting
proteins such as desmoplakin, plakophilin-2,
plakophilin-4, desmocollin-2, desmoglein-2, and
plakoglobin have been well described in familial
cases [55]. ARVC is generally inherited as an
autosomal dominant trait. Autosomal recessive
disease is seen frequently in mutations in the
(JUP) gene which is associated with Naxos dis-
ease (diffuse palmoplantar keratosis, arrhyth-
mias, and woolly hair in infancy) and also
in desmoplakin gene mutations causing
Carvajal syndrome (woolly hair, epidermolytic
palmoplantar keratoderma, and cardiomyopa-
thy). When these mutations are present, the func-
tional and structural integrity of the myocytes is
disabled, compromising the cell-to-cell adhesion
particularly under stress (sports) or infections.

The pathologic features include RV enlarge-
ment, frequently with visible aneurysms and thin-
ning of the RV free wall in the region of the
infundibulum, apex, or inferior wall (known as
the “triangle of dysplasia”) associated with fibro-
sis and inflammatory infiltrate with or without
fatty replacement. A spectrum of RV involve-
ment occurs, from no functional impairment to
severe impairment; involvement of the LV is less
common and is also variable. Classically, patients
present with syncope or palpitations secondary to
ventricular tachycardia of left bundle branch
block morphology, originating from the areas of
fibrofatty replacement [53, 55].

Restrictive Cardiomyopathy (RCM)

Restrictive cardiomyopathy (RCM) is a rare
entity, accounting for approximately 5 % of car-
diomyopathies. RCM is characterized by normal
or decreased volume of both ventricles associated
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with biatrial enlargement, normal L'V wall thick-
ness and atrioventricular valve function and
structure, impaired ventricular filling with
restrictive physiology, and normal (or near nor-
mal) systolic function [24, 58].

Some cases of RCM are inherited, usually
with autosomal dominant transmission. Most
commonly, these cases are the result of mutations
in sarcomere-encoding genes, especially troponin
I (cTnl). Other sarcomere genes that cause RCM
include troponin T, B-myosin heavy chain, and
actin [59]. Another subgroup of patients has been
identified with RCM associated with atrioventric-
ular block and skeletal myopathy. These are usu-
ally caused by mutations in desmin [59, 60].

The clinical course is characterized by the
inability to fill the ventricles; limiting the cardiac
output may manifest with exercise intolerance,
dyspnea, edema, and atrial fibrillation. Non inva-
sive imaging will reveal normal or concentric
mildly thickened ventricles with normal or
reduced volumes and enlarged atria. The ECG
may show low voltages in cases due to infiltrative
causes. Typically, it can also demonstrate large
and wide P waves, evidence of ischemia or
infarction with ST segment and T wave changes
and/or pathologic Q waves. Conduction disease,
brady-, and tachyarrhythmias may also be seen.

RCM can be classified based on the underly-
ing process: non-infiltrative, infiltrative, storage
disease, endomyocardial causes and idiopathic,
or in combination with DCM and HCM [58]. As
with DCM, many previous cases termed idio-
pathic are being found to harbor causative path-
ologic mutations in sarcomeric genes.

Non-infiltrative causes of RCM include
scleroderma and systemic sclerosis with well-
described polymorphisms in genes coding for
extracellular matrix proteins. Pseudoxanthoma
elasticum is an inherited disorder associated
with accumulation of mineralized elastic fibers,
which may lead to blindness, coronary arterial
occlusive disease, and RCM. The ABCC6 gene
on chromosome 16p13.1 is responsible for the
calcification of elastic fibers [61].

Infiltrative causes of RCM include amyloid-
osis, which is a group of diseases characterized
by extracellular deposition of insoluble fibrillar
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proteins with concomitant destruction of normal
tissue structure and function. About 20 different
proteins are known to cause cardiac amyloidosis,
and for the hereditary type, more than 100 muta-
tions are known already but the Val122Ile variant
of transthyretin is the most common [62].
Sarcoidosis can also cause systolic dysfunction
and arrhythmias. The strongest genetic associa-
tions are found within the human leucocyte anti-
gens (HLA) and functional polymorphisms
within the butyrophilin-like 2 (BTNL2) gene [63].

Lysosomal storage diseases are rare conditions
that rarely affect the heart. Gaucher disease, the
most prevalent, is an autosomal recessive disorder
with more than 180 distinct mutations located in
chromosome 1p21. Fabry disease is an X-linked
lisosomal disease (the second most common
affecting the heart) and may manifest as with
HCM or RCM, valvulopathies, coronary artery
disease, and aortic enlargement. Mucopolysac-
charidoses (Hurler and Hunter diseases) are disor-
ders characterized by the deficiency of enzymes
required for the breakdown of glycosaminogly-
cans. Cardiac manifestations start from childhood
and include RCM, endocardial fibroelastosis, and
valvular disease including thickening with resul-
tant stenosis and/or insufficiency.

Storage diseases such as hemochromatosis
(mutation in the HFE gene) cause a mixture of
systolic and diastolic dysfunction often accompa-
nied by arrhythmias [64]. Glycogen storage dis-
eases are classified in 12 subtypes. In type II
(Pompe disease) and type IIb (Danon disease),
cardiac involvement may present as the classic
infantile form with HCM and/or RCM pheno-
type. Pompe disease is caused by more than 200
reported mutations in the GAA gene [65]. The
diagnosis of idiopathic RCM can only be made
by exclusion, and the clinicians should be aware
of the genetic and clinical overlap with other
cardiomyopathies.

Mitochondrial Cardiomyopathies
Mitochondria represent the main energy source in

the cell due to the ability to perform oxidative
phosphorylation (OP) by proteins at the
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mitochondrial respiratory chain comprising com-
plexes I-IV and ATP synthase. Several genes are
involved in the role of energy production. Muta-
tions in these genes may cause consequences in
the severe end for those organs heavily dependent
of energy production such as the brain, heart, and
skeletal muscle. Mitochondrial DNA (mtDNA) is
exclusively maternally inherited, whereas
nuclear DNA follows Mendelian inheritance.
Mutations in the mtDNA typically result in
HCM but also DCM and LVNC can occur.

The frequency of cardiac involvement in mito-
chondrial disease is reported from 17 % to 40 %,
and the incidence of mitochondrial cardiomyop-
athy in the pediatric population is estimated at
least 1 in 50,000 [66, 67].

Friedreich’s ataxia is an autosomal recessive
inherited disease that causes progressive damage
to the nervous system, resulting in symptoms
ranging from gait disturbance to speech prob-
lems. Friedreich’s ataxia may also have accom-
panying HCM and diabetes [68]. Barth syndrome
is a serious X-linked disorder, primarily affecting
males. It is caused by a mutation in the tafazzin
gene (TAZ, also called G4.5), resulting in an
inborn error of lipid metabolism, neutropenia,
and skeletal myopathy [69] as discussed above.

MELAS (Mitochondrial Encephalopathy, Lac-
tic Acidosis, and Stroke) is a multisystem clinical
syndrome manifested by mitochondrial encepha-
lopathy, /actic acidosis, and recurrent stroke-like
episodes. At least 29 other specific point mutations
have been associated with the MELAS; the most
commonly described gene is a mitochondrial ade-
nine-to-guanine transition at nucleotide pair 3243
(m.3243A > G) encoding the mitochondrial tRNA
(Leu). Cardiac involvement is manifested by
nonobstructive concentric hypertrophy, although
DCM and Wolff-Parkinson-White syndrome
have also been reported [70, 71].

Kearns-Sayre syndrome is characterized by
progressive ophthalmoplegia, short stature, men-
tal retardation, increased cerebrospinal fluid pro-
tein content, and myopathy. Cardiac involvement
consists of severe conductions defects and car-
diomyopathy, typically the HCM phenotype [67].

Myoclonic epilepsy and ragged red fibers
(MERRF) syndrome is caused by a mtDNA

mutation. Clinical manifestations include skele-
tal myopathy, ataxia, dementia, chronic progres-
sive external ophthalmoplegia, deafness,
epilepsy, and dilated cardiomyopathy [72].

Single Gene Disorders Associated with
Heart Disease

CHARGE Syndrome

Six cardinal features characterize CHARGE syn-
drome: ocular coloboma, heart defects of any
type, atresia of the choanae, retardation (of
growth and/or of development), genital anoma-
lies, and ear anomalies. The chromodomain
helicase DNA-binding protein 7 (CHD7) gene is
mutated in about 60 % of CHARGE cases [73].
The incidence of CHARGE is about 1/8,
500-12,500 [74]. Congenital heart defects occur
in 75-80 % of patients with CHARGE syndrome,
and the most common major heart defect is tetral-
ogy of Fallot (TOF) occurring in ~ one-third of
cases. However, other cardiac anomalies such as
double-outlet right ventricle with atrioventricular
canal, ventricular septal defect, and atrial septal
defect with or without cleft mitral valve can be
seen [73].

Townes-Brocks Syndrome

Townes-Brocks syndrome (TBS) is characterized
by the triad of imperforate anus and triphalangeal
and supernumerary thumbs. TBS is caused by
mutations within the SALL1 transcription factor
gene at 16q12.1. Cardiac anomalies have been
reported in 14 % of cases (2 % of familial cases,
10 % probands, and 59 % of sporadic cases).
Major heart defects include truncus arteriosus,
tetralogy of Fallot, and atrial or ventricular septal
defect [75].

Noonan Syndrome

Noonan syndrome (NS) is a common autosomal
dominant disorder with an aggregate incidence of



12

about 1 in 2,500 live births [76]. It is character-
ized by short stature, webbed neck, facial
dysmorphism, learning disabilities, hearing loss,
undescended testes and pubertal delay, variable
coagulation defects, and heart defects. There is
a significant clinical overlap with cardiofacio-
cutaneous (CFC), Costello, and LEOPARD syn-
dromes, and thus this group of conditions is often
referred to as Noonan spectrum disorders [77].
Sensorineural hearing loss occurs in up to 25 % of
patients [78]. The most common congenital heart
defect in NS is pulmonary valve stenosis with
dysplastic leaflets (50-62 %). HCM is the second
most common lesion seen in ~20 % of patients
[79]. Other congenital heart defects more often
seen in NS are atrioventricular canal defect asso-
ciated with subaortic obstruction and structural
anomalies of the mitral valve.

Up to 50 % of patients with Noonan syndrome
have an abnormal electrocardiographic pattern
characterized by left axis deviation, an abnormal
R:S ratio over the left precordial leads, and an
abnormal Q wave [80].

The genes that cause Noonan spectrum disor-
ders encode proteins of the Ras/MAPK signal
transduction pathway that regulates cellular pro-
liferation and differentiation [81]. Mutations in
PTPNI11 are detected in 50 % of individuals with
NS. Mutations in the genes RAF1, SOSI, KRAS,
MAP2KI1, MAP2K2, HRAS, NRAS, SHOC?2, and
BRAF have also been reported in individuals with
NS and the related disorders [81]. Mutations in
exons 7, 12, and 13 of PTPN11 have been
detected in the majority of individuals with
LEOPARD syndrome (90-100 %) who in general
manifest cardiac involvement in about 85 % of
cases, with being HCM the most common cardiac
finding [82, 83]. Costello syndrome is usually
more severe and is caused by HRAS mutations.
Cardiac involvement includes structural anoma-
lies, HCM, and conduction system abnormalities.
Approximately 65-75 % of Costello patients have
cardiac involvement [84, 85]. Pulmonic stenosis
occurs in approximately 25 %, arrhythmia in 42 %,
and HCM in 47 %. The arrhythmia most com-
monly described is supraventricular tachycardia,
especially chaotic atrial rhythm/multifocal atrial
tachycardia or ectopic atrial tachycardia [26].
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In cardiofaciocutaneous syndrome (CFC),
~75 % of patients have cardiac involvement.
HCM is identified in 40 % of patients and is
most frequently diagnosed in infancy but may
be detected at any age. Pulmonary valve stenosis
is identified in 25 % of patients. Atrial septal
defects, ventricular septal defects, mitral or tri-
cuspid valve dysplasia, and BAV have been
described but with lesser frequency [86].

Alstrom Syndrome

This disorder is characterized by progressive
blindness, sensorineural hearing loss, and child-
hood obesity with insulin resistance [87]. Dilated
cardiomyopathy occurs in 70 % of patients and is
progressive. LVNC may also be seen. Renal fail-
ure develops with age and may result in need for
dialysis and/or kidney transplant. The condition
exhibits  autosomal recessive inheritance
resulting from mutations in the ALMS1 gene [88].

Alagille Syndrome

Alagille syndrome is a multisystem disorder with
heart, skeletal, liver, eye, and facial features. It is
classically characterized by paucity of bile ducts on
liver biopsy, cholestasis, and/or conjugated
hyperbilirubinemia. Other findings include skeletal
abnormalities such as butterfly vertebrae, eye
anomalies such as posterior embryotoxon, and
right-sided heart defects. The diagnosis is based
on clinical features and molecular testing in the
JAG] gene account for the majority of cases, occur-
ring in approximately 89 % of patients that fulfill
clinical criteria [89, 90]. A second gene, NOTCH?2,
has been shown to cause less than 1 % of cases. The
clinical features are highly variable, even within
families. Sequence variants in JAG/ have also
been identified in a small number of apparently
isolated cases of tetralogy of Fallot, absent pulmo-
nary valve syndrome, or pulmonic stenosis [91].
Right-sided defects predominate, occurring in
75 % of cases. Peripheral and branch pulmonic
stenosis are the most common cardiovascular find-
ings. Less frequent cardiac malformations include
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ventricular septal defect, atrial septal defect, aortic
stenosis, and coarctation [92, 93]. NOTCH and
JAGI are known to be important for vascular devel-
opment, and at least 10 % of patients with Alagille
have documented extra-cardiovascular anomalies
including internal carotid artery anomalies, basilar
artery aneurysms, middle cerebral artery aneurysm,
and Moyamoya disease.
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Abstract

It is axiomatic that understanding of abnormal anatomy requires a thor-
ough knowledge of normal findings. Nowadays, this knowledge should be
based on the appreciation of the location of the heart within the chest,
since the basic rule of anatomy is that all structures should be described
relative to the anatomical position. The discrepancy between the planes of
the heart and the planes of the body should not detract from the importance
of abiding by this rule. Having understood the discrepancies between
the axes, it is then important to appreciate that the so-called right chambers
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are anterior to their allegedly left-sided counterparts, with the left atrium
being the most posterior of the cardiac chambers. The atriums possess
venous components, appendages, and vestibules, being separated by the
septum. The left atrium also has an obvious body. The ventricles are best
assessed on the basis of possessing inlet, apical trabecular, and outlet
components. The arterial trunks spiral as they extend from the base of
the heart into the mediastinum. The cardiac valves are best considered in
terms of atrioventricular and arterial complexes, with the leaflets being the
working units of all the valves. The atrioventricular valves also have a
well-formed tension apparatus, while the arterial valvar leaflets are
supported by the valvar sinuses. There are atrial, atrioventricular, and
ventricular septal structures. Accounts of the fibrous skeleton are markedly
exaggerated, with the so-called central fibrous body being the best
formed fibrous element within the heart. This part is perforated by the
atrioventricular conduction axis, with the cardiac impulse being generated
by the sinus node and slowed in the atrioventricular node. The major
coronary arteries and veins occupy the atrioventricular and interven-
tricular grooves, with two coronary arteries arising from the aortic root
and most of the veins draining to the coronary sinus located within the left
atrioventricular groove.

Keywords

Anatomy « Aorta « Aortic valve « Arterial trunks « Arterial valves « Atrio-
ventricular valves » Coronary arteries » Coronary veins » Left atrium » Left
ventricle « Mitral valve « Oval fossa » Pulmonary valve « Pulmonary trunk »
Right atrium « Right ventricle « Tricuspid valve « Ventricular septum

Introduction

It is axiomatic that to understand abnormal anat-
omy and to describe it adequately, it is necessary
first to understand normal cardiac anatomy,
including the relationships of the conduction tis-
sues and coronary arteries to the various compo-
nents of the heart. We review these features in this
chapter, hopefully setting the scene for the sub-
sequent chapters of this book, in which these
various anatomical features will be discussed in
the setting of congenitally cardiac malformations.

The Heart within the Chest

The basic rules of human anatomy dictate that
structures should be described as they are
located within the body, the body itself being

viewed from the front in the so-called anatomi-
cal position. It is unfortunate that this rule has
been flaunted consistently over the years, so that
cardiac structures are conventionally described
in the setting of the heart positioned on its apex.
It is only in this “Saint Valentine” orientation
that the right atrium and ventricle are seen right-
ward to their alleged left-sided counterparts. In
reality, the so-called right-sided chambers are
positioned in front of their partners, the heart itself
normally occupying the middle compartment of
the mediastinum, with two-thirds of its bulk to the
left of the midline. Its long axis shows
a considerable obliquity relative to the long axis
of the body (Fig. 2.1). This discrepancy between
the planes of the body and those of the heart
should not disguise the fact that cardiac structures
should still be described relative to the bodily
coordinates. This is the essence of attitudinally



2 Normal Cardiac Anatomy

Fig. 2.1 The heart is
shown in its usual position
within the thorax. Note the
gross malalignment
between the long axis of the
heart (yellow double
headed arrow) and the long
axis of the body (green
double headed arrow)

Right ventricle IS5

appropriate description [1], which we will follow
in this chapter. Thus, when considered in attitudi-
nally appropriate fashion, the pulmonary valve is
located superiorly and to the left edge of the car-
diac silhouette. The locations of the aortic, mitral,
and tricuspid valves then overlap when considered
in the setting of the cardiac silhouette, with the
mitral valve being the most posterior and the
tricuspid valve the most inferior. Interrogation of
the short-axis section as viewed in left anterior
oblique projection then shows the central location
of the aortic valve, with appreciation of this rela-
tionship being the key to the overall understanding
of normal cardiac anatomy (Fig. 2.2). Because of
the asymmetric disposition of the heart within the
thorax, only some of the general body coordinates
can properly be used to describe the interrelation-
ships of the various cardiac components, for
example, superior and inferior, left and right,
and anterior and posterior, remembering that it is
the sternocostal surface of the heart which is ante-
rior and that the posterior parts are those closest
to the vertebral column. It also helps to use some
coordinates specific to the heart, such as apical
and basal. It is the left atrium which is the most
posterior chamber within the heart.

-

The Pericardium

The cardiac chambers, and the proximal parts of
the arterial trunks, are enclosed within the
pericardial cavity, the pericardium itself being a
double-layered sac with fibrous and serous
components. The fibrous layer functions as the
cardiac seat belt. Its attachments to the
diaphragm, along with the entrances and exits of
the great veins and arterial trunks, anchor the
heart within the mediastinum. The fibrous sac
is itself lined with a serous layer, the parietal
pericardium, which is reflected onto the surface
of the heart at the entrances and exits of the main
vascular channels as the epicardium. There are
two recesses within the cavity thus formed,
namely, the transverse and oblique sinuses. The
transverse sinus is the conduit located centrally
between the anterior aspect of the atrial chambers
and the posterior part of the arterial pedicles, the
latter structures themselves being wrapped within
a sleeve of serous pericardium (Fig. 2.3). In
developmental terms, the conduit is interposed
between the venous and arterial poles of the
heart. The oblique sinus is the cavity found
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Fig. 2.2 The heart has

been dissected by removing . r =
the atrial myocardium and

the arterial trunks. The v (| ;
short axis is viewed from b h ]
above. Note the central . B adjaoani lsafist
location of the aortic root. - w

The nonadjacent leaflet has ‘
been removed to show how 3

the subaortic outflow tract
extends between the
ventricular septum and the
mitral valve. Appreciation
of the relationships of the
aortic valve is the key to the
understanding of normal
cardiac anatomy. The star
marks the so-called cardiac
crux, where the plane of the
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Fig. 2.3 The heart is
viewed from above and
slightly from the right. The
arterial pedicles have been
reflected forward to show
the transverse sinus of the
pericardial cavity (double-
headed arrow), which
interposes between the
venous and arterial poles of
the heart
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Fig. 2.4 The heart has
been reflected from its
pericardial cradle, showing
how the oblique sinus of the
pericardium (white arrow
with red borders) extends
posteriorly behind the left
atrium, confined by the
pericardial reflections
round the left pulmonary
veins and the right
pulmonary veins, the latter
reflection extending to
include the orifice of the
inferior caval vein

Inferior caval vein

behind the left atrium, limited on the left side
by entrances of the left pulmonary veins and on
the right side by the entrances of the right
pulmonary veins along with that of the inferior
caval vein (Fig. 2.4).

The Chambers Within the Heart

As we have already explained, although usually
described in “Valentine heart” fashion, the heart
when viewed during life is not usually positioned
on its apex, with the so-called right-sided cham-
bers directly to the right of their left-sided part-
ners [1]. Instead, when seen in frontal projection,
the anterior surface of the cardiac silhouette is
occupied for the most part by the right atrium and
ventricle. The right margin is formed almost
exclusively by the right atrium and the caval
veins. The left atrium is almost entirely a poste-
rior structure, with only its appendage projecting

to the left upper border, while only a strip of left
ventricle is seen down the sloping left border. The
so-called right chambers of the heart, therefore,
are basically anterior, with the ventricles situated
to the left and inferiorly relative to their atrial
counterparts. The aortic and mitral valves are
closely related one to the other within the base
of the left ventricle, while the pulmonary and
tricuspid valves are separated in the roof of the
right ventricle by the extensive supraventricular
crest, known classically in its Latin form as the
“crista supraventricularis.” The crest itself is inti-
mately related posteriorly to the aortic root
(Fig. 2.3). The diaphragmatic border of the ven-
tricular mass exhibits a sharp angle anteriorly
between its sternocostal and inferior surfaces,
known as the acute margin. In contrast, the left-
ward border has a much gentler curve between
the sternocostal and pulmonary surfaces and is
called the obtuse margin, albeit that it is not truly
a margin. Within the surfaces of the heart, the
atrioventricular, or coronary, grooves mark
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Fig. 2.5 The
morphologically right
atrium has been opened
through a cut along the
terminal groove and the
wall of the appendage
reflected anteriorly and to
the right. The image shows
the contrast between the
pectinated walls of the
appendage and the smooth
walls of the systemic
venous sinus, with the
superior and inferior caval
veins (SCV, ICV), along
with the coronary sinus
opening to the venous sinus
within the confines of the
remnants of the embryonic
venous valves

the location of the cardiac short axis, while the
interventricular grooves mark the location of the
ventricular septum (Fig. 2.1). Although usually
described as being posterior, the diaphragmatic
surface of the heart is, of course, positioned infe-
riorly. An important landmark is found on this
surface where the interventricular groove joins
the atrioventricular groove. This is the cardiac
crux (Fig. 2.2).

The Morphologically Right Atrium

Each atrial chamber possesses a venous compo-
nent, a vestibule leading to the atrioventricular
valve, an appendage, and a body, with the septum
separating the two atrial chambers. The venous
tributaries of the right atrium, the superior and
inferior caval vein, and the coronary sinus, enter
the smooth-walled systemic venous sinus, the
smoothness of its walls contrasting with the
pectinated wall of the appendage (Fig. 2.5).
The vestibule is also smooth walled, inserting at
the atrioventricular junction into the leaflets of the
tricuspid valve. The body is not usually obvious in
the right atrium, but is the narrow area between

the leftward margin of the systemic venous sinus
and the septum. It is the appendage which is
the most constant and characteristic component,
serving to distinguish the chamber as being mor-
phologically right even when the heart is congen-
itally malformed. Recognition of structures
according to their morphology rather than their
location, and using their most constant part in final
arbitration, is called the “morphological method
[2].” Tt is this principle that provides the basis for
logical analysis of congenitally malformed hearts
[3]. The right atrial appendage is broad and trian-
gular in shape, having an extensive junction with
the smooth-walled venous component, this junc-
tion marked externally by the terminal groove, or
sulcus terminalis (Fig. 2.6). The pectinate muscles
arising from the terminal crest, or crista
terminalis, which is the internal counterpart of
the groove, extend round the entirety of the pari-
etal part of the right atrioventricular junction. This
extent of the pectinate muscles serves to indentify
the morphologically right appendage even when
the heart is congenitally malformed, as, for exam-
ple, in the setting of right isomerism [4]. In many
hearts, fibrous remnants of the valves of the
embryonic sinus venosus mark the boundaries of
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Fig. 2.6 The right atrium is shown anteriorly and from
the right. Note the triangular shape of the appendage,
which is separated from the posterior systemic venous
sinus by the terminal groove (red dotted line)

the systemic venous sinus, best seen to the right
side, but also on occasion seen to the left side,
marking then the boundary of the atrial body. The
most prominent of these structures are the
Eustachian and Thebesian valves, which guard
the orifices of the inferior caval vein and the
coronary sinus, respectively (Fig. 2.7). Although
the valves themselves are not uniformly present,
the insertion of the Eustachian valve into the
myocardial wall between the orifice of the coro-
nary sinus and the oval fossa can almost always be
found. The continuation from the insertion, buried
within the muscular atrial wall, is the tendon of
Todaro [5]. Having extended through the atrial
wall, the tendon inserts into the fibrous root of
the aorta, forming the anterosuperior border of the
triangle of Koch. The septal surface of the right
atrium, at first sight, seems to be extensive, but
this appearance is deceptive. Only the floor of the
oval fossa, or fossa ovalis, along with its
anteroinferior rim, interposes between the cavities
of the two atriums. The superior rim, described as
the “septum secundum,” is no more than the
infolded atrial walls between the attachment of
the superior caval vein to the right atrium and
the right pulmonary veins to the left atrium
(Fig. 2.8) [6]. The floor of the triangle of Koch is

the atrial surface of a muscular sandwich, with an
extension of the inferior atrioventricular groove
serving as the meat in the sandwich, the other
layer being the crest of the ventricular muscular
septum. The atrial component of the sandwich is
confluent with the so-called sinus septum, this
being the muscular wall interposed between the
orifices of the coronary sinus and the inferior
caval vein.

The Morphologically Left Atrium

The left atrium, like its right-sided counterpart,
possesses a venous component, an appendage,
a vestibule, and a much better formed body
(Fig. 2.9). As with the morphologically right
atrium, the appendage is the most characteristic
and constant component. It is a long tubular
structure, usually with several constrictions
along its length. Unlike the right appendage, it
has a narrow junction with the body of the atrium.
Its pectinate muscles are contained within the
appendage, so that the entirety of the posterior
walls of the atrium is smooth. The coronary sinus
is located within the left atrioventricular groove
and hence is an integral component of the mor-
phologically left atrioventricular junction, even
though it opens into the cavity of the morpholog-
ically right atrium. Its walls are separate from
those of the left atrium [7]. The pulmonary
veins open into the corners of the extensive
smooth-walled venous component. The septal
surface is formed by the flap valve of the oval
fossa. This structure has a characteristically
roughened appearance where it overlaps the
infolded superior rim, two horns anchoring it to
the infolded walls. The body of the left atrium is
most obvious in the setting of totally anomalous
pulmonary venous connection. In this anomaly,
even though the pulmonary venous component is
obviously lacking, there is an extensive smooth-
walled atrial component forming the site of union
between the appendage and vestibule. As with the
right atrium, the smooth-walled vestibule inserts
at the atrioventricular junction into the leaflets of
the atrioventricular valve, in this instance the
mitral valve.
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Fig. 2.7 In this heart, the
right atrium is opened along
a cut through the wall of the
appendage, showing how
the remnants of the
Eustachian and Thebesian
valves guard the openings
of the inferior caval vein
and the coronary sinus,
respectively
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Fig. 2.8 The heart has been sectioned across the oval
fossa, showing how its supero-posterior rim is the infolded
atrial wall between the attachments of the right pulmonary
veins (RPV) to the left atrium and the superior caval vein
to the right atrium. The opening of the inferior caval vein
(ICV) is well seen

The Morphologically Right Ventricle

The muscular walls of the right ventricle extend
from the discrete atrioventricular junction to their
union with the walls of the pulmonary trunk at the
anatomical ventriculo-arterial junction. Within
the cavity thus demarcated, there are three com-
ponents, the inlet, the apical trabecular, and the
outlet parts (Fig. 2.10). The inlet component con-
tains and supports the leaflets of the tricuspid
valve, being demarcated distally by the attach-
ments of the valvar papillary muscles. The three
leaflets of the valve are located septally, inferi-
orly, and anterosuperiorly within the atrioventric-
ular junction (Fig. 2.11). The septal leaflet is
attached by multiple tendinous cords to the mus-
cular ventricular septum. The inferior leaflet
guards the diaphragmatic surface of the junction,
albeit that its zone of apposition with the
anterosuperior leaflet is often indistinct. The
anterosuperior leaflet is the most extensive of
the three. Its zone of apposition with the
septal leaflet is supported by the medial papillary
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Fig. 2.9 The left atrium is j = r

opened through its body, y
revealing the narrow mouth ¢ = » -
of the appendage, the
vestibule, and the
pulmonary venous
component. Note that the
flap valve of the septum
forms its anterior wall
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Fig. 2.10 The morphologically right ventricle is shown
subsequent to removal of its anterior wall. It extends from
the atrioventricular junction (black line) to the ventriculo-
arterial junction (red line). It is best analyzed on the basis

of possessing inlet, trabecular, and outlet

components

apical

Fig. 2.11 The image shows the right atrioventricular
junction as seen in left anterior oblique projection and
viewed from the cardiac apex. As can be seen, when
viewed as it lies within the chest, the tricuspid valve
possesses anterosuperior, inferior, and septal leaflets
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Fig.2.12 The image shows the septal surface of the right
ventricle, where the supraventricular crest inserts between
the limbs of the septomarginal trabeculation (SMT), or
septal band. Note the origins of the medial and anterior
papillary muscles

muscle, also known as the papillary muscle of the
conus, or the muscle of Lancisi (Fig. 2.11).
The anterior papillary muscle supports the
anterosuperior leaflet, but often times in its mid-
dle part rather than at the site of apposition with
the inferior leaflet (Fig. 2.11).

The apical trabecular part of the ventricle has
particularly coarse trabeculations, this being the
most constant feature of the ventricle in mal-
formed hearts. A prominent trabeculation is
seen reinforcing the septal surface, forming
a prominent Y configuration at the ventricular
base where it clasps the supraventricular crest.
This is the septomarginal trabeculation, or septal
band (Fig. 2.12). The medial papillary muscle
arises from the postero-caudal limb of the branch
point, the anterior papillary muscle taking origin
from the body of the trabeculation towards the
ventricular apex. A further series of trabeculations
extend from the anterior surface of the
septomarginal trabeculation, running into the pari-
etal ventricular wall. One of these septoparietal
trabeculations is particularly prominent, joining
the anterior papillary muscle and then continuing
to the parietal wall. This is the moderator band.

Fig. 2.13 The right ventricular outflow tract has been
opened, and the leaflets of the pulmonary valve removed,
revealing their semilunar attachments (red dotted line)
relative to the anatomic ventriculo-arterial junction
(black dotted line)

The outlet component of the ventricle is smooth
walled, formed by the free-standing sleeve of
musculature that supports the leaflets of the pul-
monary valve. The valvar leaflets are attached in
semilunar fashion within the sleeve, crossing the
discrete anatomic ventriculo-arterial junction
formed between the ventricular muscle and the
walls of the pulmonary trunk (Fig. 2.13). In con-
sequence of the semilunar nature of the hinge of
each leaflet, crescents of ventricular musculature
are incorporated within the bases of the sinuses of
the pulmonary trunk, while triangular areas of
arterial wall are incorporated within the ventricu-
lar outflow tract [8]. The valvar leaflets, therefore,
do not possess an annulus in the sense of a fibrous
ring that supports their attachments in circular
fashion. Instead, the hinges encircle the outflow
tract in crown-like fashion. There are circular
junctions to be found within the outflow tract,
specifically the anatomical ventriculo-arterial
junction and the sinutubular junction between the
valvar sinuses and the tubular pulmonary trunk.
The so-called annulus identified at the entrance to
the pulmonary root, however, is no more than
a virtual ring that can be constructed by joining
together the most proximal attachments of the
leaflets (Fig. 2.13). The component of the
subpulmonary infundibular sleeve that interposes
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Fig. 2.14 The greater part of the supraventricular crest
has been removed, showing that it is no more than
the inner curve of the right ventricle. A small part of
the musculature inserting between the limbs of the
septomarginal trabeculation forms a true muscular outlet
septum (hatched area), but its margins cannot be distin-
guished without dissection

between the leaflets of the pulmonary and tricus-
pid valves, in other words the supraventricular
crest, is often considered to represent a septal
structure. In reality, it is no more than the inner
curve of the parietal wall of the right ventricle
(Fig. 2.12). Tt is well described as the ventriculo-
infundibular fold. A small part of the musculature
located at the Y of the septomarginal trabeculation
can be removed to provide access to the left ven-
tricle and hence represents a true muscular outlet
septum (Fig. 2.14). Without dissection, however,
this septal component cannot be distinguished
from the remainder of the muscular ventricular
septum. Indeed, incisions made outside this
restricted area communicate with the outside of
the heart.

The Morphologically Left Ventricle

As with the right ventricle, the left ventricle is
well described as possessing inlet, apical trabec-
ular, and outlet components (Fig. 2.15). The inlet
component surrounds and supports the leaflets of
the mitral valve, being limited distally by the
attachments of its paired papillary muscles.

27

The valve itself possesses aortic, or anterior,
and mural, or posterior, leaflets, which close
along a solitary zone of apposition. It has
become conventional to describe the fan-shaped
tendinous cords supporting the valvar leaflets at
the ends of the zone of apposition as “commis-
sural cords.” There are, however, similar fan-
shaped branching cords that support the slits in
the extensive mural leaflet of the valve, usually
dividing the leaflet into three scallops. But there
can be multiple scallops within the mural leaflet.
The zone of apposition between the leaflets, fur-
thermore, does not extend to the atrioventricular
junction, or annulus. Further segments of leaflet
tissue can be recognized at the ends of the zone of
apposition. These components are identified by
some as the commissural leaflets. Irrespective of
such niceties, when viewed in the closed position,
the mural leaflet guards two-thirds of the overall
valvar circumference, with slits along its length
permitting it to fit snugly against the aortic leaflet
(Fig. 2.16). It is the number of slits that deter-
mines the number of scallops in this part of the
valvar skirt. The other leaflet, positioned anteri-
orly, but also called the aortic leaflet because of
its fibrous continuity, on its ventricular aspect,
with parts of the left coronary and nonadjacent
leaflets of the aortic valve, guards only one-third
of the valvar circumference. Opening the valve,
and viewing it in its spread position, shows that
the aortic leaflet is much deeper than the mural
leaflet. In spite of the different lengths, however,
the leaflets have more or less the same surface
area. The leaflets of the mitral valve are then
supported by the paired papillary muscles.
It has become conventional to describe these

muscles as being located postero-septally
and anterolaterally. Viewing the ventricle in
attitudinally appropriate fashion, however,

shows that the muscles are located infero-septally
and supero-laterally, with the inferior muscle
being anterior to its partner (Fig. 2.17). The
trabecular component of the left ventricle
extends beyond the papillary muscles of the
mitral valve, reaching to the relatively thin
apical point. The trabeculations themselves are
significantly finer than those of the right
ventricle and crisscross in characteristic fashion
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Fig.2.15 As with the right
ventricle, the left ventricle,
when defined as extending
from the atrioventricular
(black dotted line) to the
ventriculo-arterial (red
dotted line) junctions, has
inlet, apical trabecular, and
outlet components
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Fig. 2.16 The short axis of the left ventricle is viewed
from the cardiac apex in left anterior oblique projection.
The view shows well the details of the mitral valve,
illustrating the solitary zone of apposition between its
aortic, or anterior, and mural, or posterior, leaflets. Note
that the papillary muscles are positioned inferiorly and
septally, and superiorly and posteriorly

H

Fig. 2.17 The computed tomographic angiogram con-
firms the positions of the papillary muscles supporting
the leaflets of the mitral valve relative to the bodily coor-
dinates. The double-headed yellow arrow shows the plane
from head to feet. Everything to the left hand of this plane
is anterior within the body. As shown, therefore, the pap-
illary muscles are located anteriorly and inferiorly, and
superiorly and posteriorly, rather than postero-medially
and anterolaterally, as they are usually described in cur-
rent textbooks
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(Compare Figs. 2.10 and 2.15). Strands often
cross the cavity of the ventricle, particularly from
the papillary muscles, as false tendons, or “tele-
graph wires.” They are of no functional signifi-
cance. The surface of the septal aspect of the
trabecular component is smooth, with no evidence
of any structure comparable to the septomarginal
trabeculation of the right ventricle (Fig. 2.15). The
left bundle branch of the atrioventricular bundle
descends from the crest of the muscular ventricu-
lar septum and fans out in this area.

The outlet component is significantly abbrevi-
ated in comparison to its right ventricular coun-
terpart, with the leaflets of the aortic valve
supported by musculature only around the ante-
rior quadrants of the outflow tract. Posteriorly,
two of the leaflets of the aortic valve are in fibrous
continuity with the deep aortic leaflet of the
mitral valve. Despite this difference in terms of
support, the overall semilunar structure of the
aortic valve is comparable to that of the pulmo-
nary valve (Fig. 2.15). As for the right ventricle
(Fig. 2.13), the semilunar attachments incorpo-
rate crescents of ventricle within the bases of the
three aortic sinuses of Valsalva, while three tri-
angles of arterial wall are incorporated within the
outflow tract beneath the apices of the zones of
apposition between the valvar leaflets. The dif-
ference from the situation in the right ventricle is
that only two of these crescents are muscular, the
third being part of the fibrous continuity between
the leaflets of the mitral and aortic valves
(Fig. 2.18). The location of the fibrous triangles
found beneath the zones of apposition of the
leaflets at the sinotubular junction emphasizes
the important relationships of the aortic valve
[9]. The valvar leaflets are named according to
the origin of the coronary arteries from the aortic
sinuses. In this way, the sinuses, and the leaflets
they support, can be distinguished as being left
coronary, right coronary, and nonadjacent. The
nonadjacent leaflet is so named because it is
furthest away from the pulmonary valve, the
two aortic leaflets usually being directly adjacent
to pulmonary valvar leaflets if viewed in short
axis. The nonadjacent leaflet is also frequently
called the non-coronary leaflet. Nonadjacent is
the preferable term since, albeit very rarely, the

Lefl coronary agric sinus
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Fig. 2.18 The aortic outflow tract has been opened
through the nonadjacent leaflet and sinus of the aortic
valve, and the mitral valve reflected to the left. Note the
semilunar arrangement of the valvar, with the fibrous
interleaflet triangles extending distally to the level of the
sinotubular junction

sinus supporting this leaflet can give rise to a
coronary artery. In such circumstance, it would
obviously then be inappropriate to label the sinus,
and leaflet, as being non-coronary. And, as
already indicated, use of the term nonadjacent
emphasizes that, irrespective of the relationships
of the arterial trunks, two of the aortic sinuses are
adjacent to corresponding sinuses of the pulmo-
nary trunk. The pulmonary truncal sinuses and
valvar leaflets, therefore, can similarly be distin-
guished as being adjacent or nonadjacent. With
regard to the fibrous triangles [9], the one found
between the hinges of the left coronary and
nonadjacent aortic valvar leaflets forms a wall
between the left ventricular outflow tract and
the transverse sinus of the pericardium, opening
into the space between the posterior wall of the
aorta and the anterior atrial walls (Fig. 2.18). The
triangle forming the space between the right cor-
onary and nonadjacent aortic valvar leaflets is
continuous inferiorly with the membranous
septum. When removed, the superior part of the
triangle is shown to separate the cavity of the
left ventricular outflow tract from the rightward
extension of the transverse sinus, specifically with
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Fig. 2.19 The fibrous triangle interposed between the
right and nonadjacent leaflets of the aortic valve has
been removed, and the heart photographed from the right
side. The triangle incorporates the membranous part of the
ventricular septum, but extends superiorly so as to open
above the supraventricular crest (asterisks) so as to open
into the transverse sinus of the pericardium

the space forming the external aspect of the sup-
raventricular crest (Fig. 2.19). The triangle found
beneath the hinges of the two coronary aortic
valvar leaflets forms the posterior wall of the
potential space between the anterior wall of the
aortic root and the posterior surface of the free-
standing subpulmonary muscular infundibulum.

The Arterial Trunks

The arterial trunks, two in the normal heart, exit
from the cardiac base at the ventriculo-arterial
junctions, extending superiorly in spiraling fash-
ion into the mediastinum, the pulmonary trunk
bifurcating as it moves round the centrally located
aorta (Fig. 2.20). Having bifurcated, the right and
left pulmonary arteries then extend extraperi-
cardially to reach the pulmonary hilums.
When viewed in short axis, each arterial trunk
shows a characteristic clover shape at its root,
the expanded truncal sinuses supporting at their

Fig. 2.20 The arterial trunks have been removed from
the heart, and photographed from their apical aspect. Note
that the pulmonary trunk bifurcates to supply the right and
left pulmonary (pulm.) arteries. The brachiocephalic trunk
divides to become the right subclavian and common
carotid arteries (RSCA, RCCA), while the left common
carotid and subclavian arteries (LSCC, LSCA) arise
directly from the transverse aortic arch

base the semilunar hinges of the leaflets of the
arterial valves, with the pulmonary root usually
appearing more dilated and more voluminous
when compared to the aortic root. The regions
of distal attachment of the leaflets are thickened
to form the ring-like sinutubular junctions. The
circles forming the distal margins of the arterial
valvar complexes are rarely described as annu-
luses, even though they represent the best formed
rings within the arterial roots. The tips of the
zones of apposition between the arterial valvar
leaflets, usually known as the commissures, are
firmly attached to these sinotubular junctions,
making them integral components of the valvar
complexes. It is frequent to find additional
narrowing at this level when the valves them-
selves are stenotic. Since the junctions are parts
of the valvar complexes, it is questionable
whether the stenosis should be described as
being supravalvar, as is usually the case. The
zones of apposition between the leaflets then
extend in trifoliate fashion towards the centroids
of the valvar orifices (Fig. 2.21). When closed, the
centroid itself is positioned approximately
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Fig. 2.21 The aortic valve is photographed from above,
with the leaflets in the closed position. Note their periph-
eral attachments at the sinotubular junction (stars). The
leaflets close along their three zones of apposition (yellow
double-headed arrows), which join centrally (white
circle)

halfway between the virtual ring that can be
constructed by joining together the basal attach-
ments of the three leaflets and the sinotubular
junctions. The pulmonary trunk itself takes only
a short course before bifurcating into the right and
left pulmonary arteries. The intrapericardial
aorta, in contrast, has a more extensive intraper-
icardial course, exiting from the pericardial
cavity to become the transverse aortic arch. The
arch usually crosses the left bronchus as it gives
rise superiorly to the brachiocephalic trunk,
left common carotid, and left subclavian arteries.
Distal to the origin of the left subclavian artery,
the arch becomes the isthmus, with the site of
insertion of the arterial ligament, the remnant of
the arterial duct, marking the point where the
isthmus becomes the descending aorta. The
arterial ligament itself extends from the
underside of the isthmus to the upper surface of
the left pulmonary artery. The left recurrent
laryngeal nerve turns back into the mediastinum
round the ligament, or round the arterial
duct itself should this structure remain patent in
postnatal life.

The Valves of the Heart

We have illustrated already the basic morpholog-
ical features of the atrioventricular and arterial
valves as we described the right and left ventri-
cles. The valves, however, play such important
roles in normal and abnormal cardiac function
that it is worthwhile reviewing their component
parts, the more so since the basic structure of each
set of valves is the same for the two ventricles.

The Atrioventricular Valves

Since the atrioventricular valves guard the ven-
tricular inlets, they must withstand the full force
of ventricular contraction when in their closed
position. Because of this, and unlike the situation
with the arterial valves, the atrioventricular
valves are furnished with tension apparatus.
When considering the overall valvar arrange-
ment, therefore, it is best to describe the valvar
complex, which comprises the annulus, the leaf-
lets, the tendinous cords, and the papillary mus-
cles (Fig. 2.22). The annulus, found at the
atrioventricular junctions, is better formed for
the mitral than the tricuspid valve (Fig. 2.23).
Even in the mitral valve, it is unusual to find a
complete collagenous ring supporting the leaflets
and, at the same time, separating the atrial
and ventricular myocardial masses [11]. In the
tricuspid valve, it is rare to find collagenous or
fibrous cord supporting the hinges of the leaflets.
Instead, the leaflets are typically suspended from
the endocardial surface of the atrioventricular
junction. It is then the fibrofatty tissues of
the atrioventricular groove that serve to insulate
electrically the atrial from the ventricular muscu-
lature (Fig. 2.24). The individual leaflets of the
valves are best distinguished according to
the way they fit together in their closed position.
Examination in this fashion shows that the mitral
valve has two leaflets, which close along a single
zone of apposition, while the tricuspid valve
has three zones of apposition and therefore closes
in trifoliate fashion.
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Fig. 2.22 The heart has
been sectioned in simulated
long-axis parasternal plane,
showing the components of
the atrioventricular valvar
complex

il

Fig. 2.23 This cross-section across the left-sided atrio-
ventricular junction, stained with the Van Gieson tech-
nique, with fibrous tissue colored purple, shows a fibrous
annulus supporting the mural leaflet of the mitral valve
and interposing between the atrial and ventricular muscle
masses
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Fig. 2.24 The cross-section across the right-sided atrio-
ventricular junction, stained with the Trichrome tech-
nique, with fibrous tissue in green, shows that it is the
fibroadipose tissue of the atrioventricular groove, rather
than a discrete cord-like annulus, that separates the right
atrial and right ventricular muscular walls (compare with
Fig. 2.23)
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Fig. 2.25 The left atrioventricular junction has been
transected across its diaphragmatic aspect, with the cut
made close to the obtuse border. The junction has then
been opened to show the leaflets of the mitral valve, and
their supporting tendinous cords. Note that the mural
leaflet guards two-thirds of the valvar orifice, but is shal-
low, with multiple components (red arrows), whereas the

Various systems have been proposed to
describe the arrangement of the tendinous cords
that support the leaflets of the atrioventricular
valves, some of them relatively complex. It is
sufficient for clinical purposes to note that cords
are attached uniformly along the leading edges of
both valvar leaflets, extending to insert into the
supporting papillary muscles. Each papillary
muscle supports the adjacent parts of both leaflets
(Fig. 2.25). If the leaflets themselves are distin-
guished on the basis of their pattern of closure,
then it becomes unnecessary to describe so-called
commissural cords and to seek to distinguish
these entities from cleft cords. Fan-shaped cords
can be found at the various gaps between the
components of the skirt of leaflet tissue in both
atrioventricular valves. The cords providing uni-
form support to the free edges of the leaflets are
reinforced by cords attached on the ventricular
aspects of the leaflets. These take the form of
either strut or basal cords. The strut cords, better
formed in the mitral than the tricuspid valve, are

aortic leaflet, guarding only one-third of the circumfer-
ence, is much deeper (yellow arrows). Note also that the
tendinous cords from the infero-septal papillary muscle
support both leaflets, as do those from the superior and
posterior muscle, which has been transected during the
dissection. One of its heads is shown by the star

attached on the ventricular aspect of the aortic
leaflet (Fig. 2.26). The basal cords of the mitral
valve support the mural leaflet, extending to
insert directly into the ventricular wall
(Fig. 2.27), while for the tricuspid valve, such
basal cords are found supporting the inferior leaf-
let. The tricuspid valve, unlike the mitral valve,
possesses a septal leaflet. This leaflet is charac-
terized by the multiple cords that attach it directly
to the ventricular septum. The mitral valve lacks
a septal leaflet, the extensive subaortic outflow
tract separating the aortic leaflet of the valve from
the smooth septal surface of the left ventricle.

The key to understanding valvar function is to
appreciate that, in the normal heart, the entirety of
the leading edges of the leaflets should be uni-
formly supported by tendinous cords. Absence of
such uniform support is one of the features
underscoring congenital prolapse of leaflets.

The arrangement of the papillary muscles is
distinctive for both atrioventricular valves. The tri-
cuspid valve, always found in the morphologically
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Fig. 2.26 The outflow aspect of the aortic leaflet of the
mitral valve is supported by multiple strut cords

Fig. 2.27 The mural leaflet of the mitral valve has been
reflected to show the support provided by multiple basal
cords, each cord having its own diminutive papillary mus-
cle, albeit arranged in more bas-relief format relative to
the ventricular wall

right ventricle, is supported by the small medial
muscle that arises from the postero-caudal limb of
the septomarginal trabeculation, a prominent ante-
rior muscle, and an inferior muscle, the latter often
being multiple. The prominent anterior muscle
itself frequently supports the central part of the
anterosuperior leaflet, rather than its zone of
apposition with the inferior leaflet. Indeed, the
arrangement of the anterior and inferior muscles
is remarkably variable. The most distinctive
feature of the valve is the multiple direct cordal
attachments of the septal leaflet to the ventricular
septum.

The papillary muscles supporting the leaflets
of the mitral valve, in contrast, have a much more
constant arrangement. The muscles are paired and
located infero-anteriorly and supero-posteriorly
within the ventricular cavity (Fig. 2.17), although
the heads of both muscles are frequently multiple.
As we have already emphasized, it is a mistake to
consider these muscles as being located postero-
medially and anterolaterally. This convention of
naming the muscles reflects the bad habit of mor-
phologists of describing the heart as though
removed from the body and being positioned on
its apex. The more appropriate terminology is to
describe superior and inferior papillary muscles.
The commissures can also better be described in
comparable fashion, that is, superior and inferior.

The Arterial Valves

The arterial valves, which guard the outlets of
the ventricular mass, extending from the basal
to the peripheral attachments of their semilunar
leaflets, are just as complex morphologically
as the atrioventricular valves. Their components
are the supporting ventricular walls, the leaflets,
the sinuses, the interleaflet triangles, and the
sinotubular junctions. Considered overall, the
valvar complex is unequivocally ring-like, but
the three-dimensional arrangement of the
semilunar suspension of the leaflets within
the roots is better described as a crown than
a ring (Fig. 2.28). The results of a recent
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Fig. 2.28 The cartoon shows, in red, how the hinges of
the valvar leaflets extend in semilunar fashion through the
full length of the arterial roots, which themselves extend
from a virtual ring that can be constructed by joining
together the basal attachments of the leaflets (green circle)
to the sinotubular junction (blue circle). Within the root,
there is then an additional anatomic ring representing the
ventriculo-arterial junction (yellow circle). The overall
suspension of the leaflets, however, is crown-like (red
lines)

extensive questionnaire [10] have revealed a lack
of consensus as to how the components of the root
should best be described. Suffice it to say that
there is no discrete structure that can be dissected
from the root as marking a crown-like annulus,
although the valvar hinges are themselves
attached by collagen to the supporting myocar-
dial or fibrous walls (Fig. 2.13). The key to under-
standing the overall morphology is to appreciate
that at least three zones within the valvar complex
can justifiably be described as rings (Fig. 2.28).
The first, and most obvious, is the sinutubular
junction. The second is the anatomical
ventriculo-arterial junction. This junction, best
seen in the pulmonary root, where the valvar
sinuses are exclusively supported by cardiac
muscle (Fig. 2.13), is the locus over which the
wall of the arterial trunk joins with the supporting
ventricular walls. This anatomical junction is dis-
crete from the hemodynamic boundary between
ventricle and arterial trunk, this being represented
by the semilunar hinges of the valvar leaflets.
This arrangement results in crescents of ventricu-
lar wall being incorporated within the truncal
sinuses and triangles of arterial wall being

[l
Fig. 2.29 The cartoon shows a cross-section across an
arterial root. To provide full information of the dimen-
sions of the root it is necessary to measure diameters at the
virtual ring formed at the level of the proximal hinges of
the leaflets (black line), at mid-sinusal level (red line), and
at the sinutubular junction (blue line). The true anatomic
ventriculo-arterial junction, representing the ring where

the sinusal walls are supported by the underlying ventric-
ular walls, is not usually measured

incorporated within the ventricular outflow tracts
(Figs. 2.13 and 2.18). The entrance to the valvar
complex is ring-like, but is a virtual entity,
representing the line made by joining the basal
attachments of the leaflets within the ventricles. It
is this virtual ring, however, that is identified by
echocardiographers as the “annulus.” The recent
questionnaire, answered by surgeons throughout
the world [10], showed that this ring was the most
popular choice to qualify as the annulus, albeit that
many surgeons considered the crown-like remnants
seen having removed the leaflets as representing
the surgical annulus. It is important, therefore, to
recognize the significance of definition of the annu-
lus in such varied fashion. Fully to provide mean-
ingful measurement of the dimensions of the
arterial valves, it is also preferable to make such
measurements as the levels of the virtual entrance
to the root, at mid-sinusal level, and at the
sinutubular junction (Fig. 2.29).
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The Septal Structures

We have already discussed the basic anatomy of
the septal structures. We consider the topic wor-
thy of reemphasis since the precise nature of the
walls interposed between the cavities of the
cardiac chambers, as we will show, is not as
simple as might be imagined from perusal of
some current accounts. Clarity can be provided
if it is accepted that only those parts of the cardiac
walls that separate adjacent chambers, and that
can be removed without transgressing of
extracardiac space, should be described as being
septal [11]. Such a definition does not exclude the
fact that walls interposed between adjacent cavi-
ties can be folded on themselves, nor that wedges
incorporating extracardiac fibroadipose can sim-
ilarly separate adjacent chambers. Appreciation
of the difference between true septal walls, folds,
and sandwiches underscores the complete under-
standing of cardiac anatomy.

These nuances are immediately relevant when
we consider the arrangement of the walls that
separate the cavities of the atrial chambers. The
true atrial septal components are made up by the
floor of the oval fossa, and its muscular
anteroinferior rim. The so-called septum
secundum is no more than the superior rim of
the fossa, which is a deep infolding between the
attachments of the superior caval vein to the right
atrium and the right pulmonary veins to the left
atrium (Fig. 2.30). The anterior rim of the fossa is
similarly an infolding, which houses the aortic
root. The continuation of the anteroinferior mus-
cular buttress into the septal vestibule of the
tricuspid valve forms the floor of the triangle of
Koch, with dissection revealing this area to be
a sandwich incorporating the superior extension
of the inferior pyramidal space between its atrial
and ventricular walls (Fig. 2.31). The so-called
sinus septum is then another fold, forming the
branching point of the walls of the coronary
sinus and the inferior caval vein.

The apex of the triangle of Koch is made up of
fibrous tissue that separates the cavity of the right
atrium from the left ventricular outflow tract.
This tissue is the fibrous atrioventricular septum,

.

Fig. 2.30 The section, in simulated four-chamber plane,
shows how the so-called septum secundum is no more
than the infolded atrial walls between the attachments of

the right pulmonary veins (RPV) to the left atrium and the
superior caval vein (SCV) to the right atrium. It is the flap
valve of the oval fossa, along with its muscular
anteroinferior buttress, that is the true septal structure

itself a part of the membranous septum of the
heart (Fig. 2.32). This structure is the only true
atrioventricular septum, since the floor of the
triangle of Koch, which previously we had con-
sidered to be a muscular atrioventricular septum,
is a muscular sandwich (Fig. 2.31). As we have
already shown, the membranous septum itself is
contiguous with the fibrous triangle that separates
the hinges of the nonadjacent and right coronary
leaflets of the aortic valve (Fig. 2.19). It is the line
of attachment of the tricuspid valve on its right
aspect that divides the membranous septum into
its atrioventricular and interventricular compo-
nents (Fig. 2.32), the proportions of the two com-
ponents varying markedly from heart to heart. In
the 4-chamber view, the tricuspid plane is more
apical than the mitral plane. The crest or the
ventricular septum, furthermore, is not aligned
directly with the atrial septum. It is this anatomic
arrangement that makes possible the communica-
tions seen in malformed hearts between left
ventricle and right atrium.
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Fig. 2.31 The dissection is made by removing the inser-
tions of the left atrial myocardium into the left atrial
vestibule (yellow dashed line) and the right atrial myocar-
dium into the tricuspid valvar vestibular (blue dashed
line). This reveals that the floor of the triangle of Koch
(star) is a superior continuation of the inferior atrioven-
tricular groove, through which courses the artery to the
atrioventricular node, in this heart a branch of the circum-
flex artery
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Fig. 2.32 The dissection is comparable to the one shown
in Fig. 2.32, but this time made by leaving intact the atrial
walls and removing the non-coronary sinus and leaflet of the
aortic valve. It shows how the hinge of the septal leaflet of
the tricuspid valve (arrow) divides the membranous septum
into its atrioventricular and interventricular components

Fig. 2.33 The computed tomographic image shows how
the inlet of the right ventricle is separated by the muscular
septum from the outlet of the left ventricle (double-headed
white arrow), so that the inferior part of the muscular
ventricular septum is an inlet—outlet septum

The interventricular component of the mem-
branous septum separates the subaortic outflow
tract from the cavity of the right ventricle. In
terms of size, it is inconspicuous when compared
to the bulk of the muscular ventricular septum,
but it forms the keystone of the septum within the
aortic root. In the past, we had also suggested that
the muscular septum itself could be divided into
inlet, apical trabecular, and outlet components,
illustrating these presumed septal components as
matching the corresponding parts of the ventric-
ular cavities [12]. Sectioning across the inlet of
the right ventricle, however, shows that this part
of the septum borders, in the left ventricle, the
subaortic outflow tract (Fig. 2.33). And, because
of the free-standing nature of the subpulmonary
infundibulum (Fig. 2.34), only a very small part
of the muscular septum is a true outlet septum.
Furthermore, in the normal heart, there are no
boundaries that divide the muscular ventricular
septum into component parts. It is preferable,
therefore, simply to describe the muscular
septum as a whole. A muscular outlet septum,
nonetheless, can be seen as an anatomic
entity when the septum itself is deficient, and
the hole between the ventricles borders the
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Fig. 2.34 This heart is sectioned to simulate the
parasternal long-axis echocardiographic plane. The cut
shows that only a small part of the muscular septum
separates the ventricular outflow tracts (double-headed
arrow), since the free-standing muscular infundibular
sleeve (yellow dashed line) lifts the leaflets of the pulmo-
nary valve away from the cardiac base

persisting parts of the membranous septum. Such
perimembranous ventricular septal defects can
then appropriately be described as opening to
the inlet, apical trabecular, or outlet components
of the right ventricle [13], or as being confluent
when opening extensively to more than one
ventricular component.

The Fibrous Components of the Heart

It is still frequent to find cartoons showing short-
axis basal sections of the heart viewed from the
atrial aspect as containing a fibrous skeleton that
embraces the origins of, and provides the attach-
ments for, the leaflets of all four cardiac valves.
Even those textbooks rightly showing the atrio-
ventricular components of the skeleton as being
discontinuous show purported fibrous elements
supporting the leaflets of the arterial valves [14].
Such arrangements are, of necessity, shown only
as cartoons, since there is no foundation in
anatomical fact to support the suggested notion.

We have already shown how the leaflets of the
pulmonary valve are supported on an extensive
sleeve of free-standing right ventricular muscula-
ture (Fig. 2.13). The leaflets of the aortic valve
similarly are hinged in crown-like fashion within
the length of the aortic root (Fig. 2.18) and lack
any discrete “skeletal” support. It is the zone of
fibrous continuity between the aortic leaflet of the
mitral valve and the right and nonadjacent leaflets
of the aortic valve that forms the strongest com-
ponent of any fibrous skeleton that does exist
within the cardiac base (Fig. 2.35). The ends of
the zone of fibrous continuity are thickened,
forming the right and left fibrous trigones, and
these trigones then anchor the aortic-mitral valvar
unit at the base of the left ventricle. The right
fibrous trigone itself is continuous with the mem-
branous septum, with the conjoined structure
forming the central fibrous body. This is the stron-
gest part of the fibrous skeleton, albeit pierced by
the atrioventricular conduction axis as it passes
from the apex of the triangle of Koch to reach the
crest of the muscular ventricular septum. Cords of
fibrous tissue extend from the right and left
trigones within the left atrioventricular junction,
forming the hinge for the mural leaflet of the
mitral valve. It is rare for these cords completely
to support the hinge of the mural leaflet and at the
same time to insulate the atrial from the ventric-
ular myocardium. Oftentimes the fibrous tissue
can be well formed, but as short fibrous strips
rather than as a complete encircling cord [15].
In many hearts, the fibrous tissue becomes even
more attenuated at various sites around the hinge
of the mural leaflet, with the atrial and ventricular
muscle masses then being separated by the
fibrofatty tissues of the left atrioventricular
groove. Such an arrangement, with the valvar
leaflets hinged from the ventricular wall rather
than a fibrous annulus, is then the rule rather
than the exception in the right atrioventricular
junction, where it is the fibrofatty tissues of the
atrioventricular groove that serve to insulate
the atrial from the ventricular musculature
(Fig. 2.24). Considered as an entity, therefore,
there is very little fibrous tissue in the human
heart that serves as a skeleton to support the
leaflets of the cardiac valves.
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Fig. 2.35 An attempt was made to dissect out the fibrous
components of the atrioventricular junctions. As can be
seen, it proved possible to remove the aortic root and the
mitral valvar orifice. There were limited cords, however,
extending into the tricuspid valvar orifice (stars), and no
connection with the subpulmonary infundibulum. The

The Conduction System

The conduction tissues are small areas of special-
ized myocardium that originate and disseminate
the cardiac impulse. Without use of appropriate
histological techniques, it is impossible to
visualize the tissues directly. Their locations, none-
theless, are sufficiently constant for establishment
of accurate anatomical landmarks so that they can
be avoided by cardiac surgeons performing intra-
cardiac operative procedures. The cardiac impulse
is generated in the sinus node. This small structure
is located, in the majority of individuals,
subepicardially within the terminal groove, usually
being positioned inferior to the crest of the atrial
appendage (Fig. 2.36). In about one-tenth of indi-
viduals, the node extends across the crest of the
appendage at the cavoatrial junction. It then sits
like a horseshoe, with one limb in the terminal
groove, and the other in the interatrial groove.
Equally important to the location of the node is
the course of its arterial supply. The artery to the
sinus node is the most prominent atrial artery.
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strongest part of the fibrous support is the area of continu-
ity between the leaflets of the aortic and mitral valves (red
dotted line), which is thickened at each end to form the
fibrous trigones (triangles). The right trigone fuses with
the membranous septum to form the central fibrous body.
The unit is viewed as seen from the ventricular apexes

Crest of appenda

Termminal groove

Fig. 2.36 The cartoon shows the usual location of the
sinus node, which is shown in green. It lies immediately
subepicardially within the terminal groove, and is usually
inferior to the crest of the atrial appendage. In one-tenth of
individuals, the node extends across the crest in horseshoe
fashion. SCV — superior caval vein
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Fig. 2.37 The right
atrioventricular junction
has been opened in order to
reveal the septal structures.
The margins of the triangle
of Koch are marked, with
the location of the tendon of
Todaro indicated by the
black dotted line, and the
septal leaflet of the
tricuspid valve by the
yellow dotted line. The
atrioventricular node is
located at the apex of the
triangle (star). The location
of the atrioventricular
conduction axis can then be
constructed by extending

a line from the apex of the
triangle to the medial
papillary muscle (red solid
line)

e
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It arises in most individuals from the initial course
of either the right or the circumflex coronary artery.
It then runs through the interatrial groove and
enters the terminal groove across or behind the
cavoatrial junction, with an arterial circle formed
in a minority of individuals. In some individuals,
the artery arises from the lateral part of the right
coronary artery or else from the distal course of the
circumflex artery. The nodal artery then runs either
across the lateral margin of the right atrial append-
age or across the dome of the left atrium. In either
event, the major artery supplying the node can be at
major risk when a surgeon makes a standard inci-
sion to enter the atrial chambers. Because the node
frequently receives arterial supply from additional
arteries, the risk can be minimized, but it behooves
the careful surgeon always to respect major atrial
arteries.

The impulse from the sinus node is conducted
at the nodal margins into working atrial myocar-
dium, and it is then carried through the working
myocardium towards the atrioventricular node.
Much has been written in the past concerning
the presence of so-called internodal atrial tracts.
Anatomical studies have shown unequivocally

Medial papillary muscle

¥ Eustachian valve

that there are no narrow and insulated tracts of
myocardial cells that join the cells of the sinus
node to those of the atrioventricular node that are,
in any way, analogous to the insulated ventricular
conduction pathways. There are certainly path-
ways of preferential conduction through the termi-
nal crest, the sinus septum, and round the margins
of the oval fossa. The more rapid spread of con-
duction through these areas, and through the supe-
rior interatrial muscular communication known
as Bachmann’s bundle, is simply a consequence
of the more ordered packing of the cardiomyocytes
within the prominent muscular bundles.

Having traversed the atrial myocardium, the
sinus impulse is delayed in the atrioventricular
node, the delay engendered within the node and
the ventricular conduction pathways permitting
the ventricles to fill during diastole. The atrioven-
tricular node, surrounded by short zones of tran-
sitional cells, is positioned at the apex of the
triangle of Koch, with the triangle itself delimited
by the tendon of Todaro and the attachment of the
septal leaflet of the tricuspid valve, its base being
formed by the orifice of the coronary sinus
(Fig. 2.37). The atrial myocardium forming the
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Fig. 2.38 The septal surface of the right atrium and
ventricle is seen subsequent to removal of the right coro-
nary aortic sinus and the corresponding leaflet of the aortic
valve, the dissection extending inferiorly so as to remove
the central part of the muscular ventricular septum. The
dissection reveals the short distance between the apex of
the triangle of Koch (star) and the crest of the muscular
ventricular septum. This is the location of the atrioventric-
ular bundle (black line) as it traverses the membranous
septum (black bracket). The bundle then branches, with
the right bundle branch (red dashed line) emerging
beneath the medial papillary muscle. The left bundle
branch (yellow dashed line) runs in fan-like fashion
down the septal surface of the left ventricular cavity

floor of the triangle roofs the inferior pyramidal
space, through which courses the artery to the
atrioventricular node (Fig. 2.31). There is then
but a short distance from the apex of the triangle
of Koch to the crest of the muscular ventricular
septum. This is the course taken by the atrioven-
tricular bundle, or the bundle of His, as it pene-
trates the atrioventricular component of the
membranous septum. Having penetrated, the
atrioventricular bundle branches on the crest of
the muscular septum at the base of the fibrous
interleaflet  triangle found between the
nonadjacent and right coronary leaflets of the
aortic valve, this being continuous with the mem-
branous septum. The left bundle branch fans out
on the smooth left surface of the septum, while
the right bundle branch traverses the septum to
emerge beneath the medial papillary muscle
(Fig. 2.38). It then extends as a thin insulated

cord in the substance of the septomarginal
trabeculation before ramifying at the ventricular
apex, typically crossing the ventricular cavity
within the moderator band.

The Blood Supply to the Heart
The Coronary Arteries

The coronary arteries, two in number, are the first
branches of the aorta. It is the rule for the arteries
to arise from one or other of the sinuses closest to
the pulmonary trunk, most usually from both of
these adjacent sinuses (Fig. 2.39).

Since there are three aortic sinuses, but only
two coronary arteries, the sinuses themselves can
be named as the right coronary and left coronary
aortic sinuses. In congenitally malformed hearts,
the sinuses giving rise to the right and left coronary
arteries are not always positioned in rightward and
leftward locations, as is the usual situation. It is
useful, therefore, to have a convention for naming
the sinuses that works irrespective of the origin of
the coronary arteries, the more so since the right
coronary artery does not always arise from the
rightward sinus and since the aorta can have mark-
edly varied relationships to the pulmonary trunk
when the heart is congenitally malformed. Such
a convention is provided when the aortic sinuses
are assessed from the stance of the observer posi-
tioned in the nonadjacent sinus and looking
towards the pulmonary trunk (Fig. 2.40). One fac-
ing sinus is then to the right hand of the observer
and is now known as sinus #1 [16]. In the normal
heart, this sinus usually gives rise to the right
coronary artery. The other sinus, to the left hand
of the observer, and known as sinus #2, usually
gives rise to the main stem of the left coronary
artery. The system holds good for naming the
aortic sinuses, and the origin of the coronary arter-
ies, when the arterial trunks are abnormally dis-
posed in congenitally malformed hearts.

In the normal situation, the coronary arteries
arise within their appropriate sinuses, but it is not
uncommon to find origins above the sinutubular
junction, and oftentimes the arteries are eccentri-
cally positioned within the sinuses. Additional
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Fig. 2.39 The base of the
heart is shown from the
atrial aspect having
removed the atrial walls
and the aortic trunk. The
right and left coronary
arteries arise from the
sinuses adjacent to the
pulmonary root, permitting
these sinuses to be named
as being right aortic and left
aortic coronary sinuses.
The nonadjacent sinus does
not give rise to a coronary
artery
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Fig. 2.40 The cartoon
shows how, irrespective of
the location of the aorta,
with the observer
positioned in the
nonadjacent aortic sinus
and looking towards the

Mon-adjacent aortic sinusg

pulmonary trunk, one sinus
will always be to the right

hand and the other to the
left hand. The right-handed
sinus is conventionally
described as #1 and the left-
handed sinus as #2. In the
normal heart, sinus #1 gives
rise to the right coronary
artery, while the main stem
of the left coronary artery
arises from sinus #2

arteries can also arise directly within the sinus,
most frequently the infundibular artery, or the
artery to the sinus node.

Having taken origin from the aorta, the
right coronary artery is able to pass directly
into the right atrioventricular groove and then
run round the tricuspid valvar orifice. From this
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position within the atrioventricular groove, the
artery gives rise to ventricular and atrial
branches. The infundibular and acute marginal
arteries are the major ventricular branches,
while in just over half the population the artery
to the sinus node is the major atrial branch
(Fig. 2.41).
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Fig. 2.41 The heart has been dissected to show the con-
tents of the atrioventricular grooves, revealing the
branches of the right coronary artery, which arises from
the right coronary aortic sinus to pass directly into the
right groove. In this specimen, as in nine-tenths of the
population, the artery continues beyond the crux (arrow)

Having given rise to the acute marginal
branch, the right coronary artery itself extends
through the diaphragmatic aspect of the right
atrioventricular junction and, in about nine-tenths
of individuals, gives rise to the inferior interven-
tricular artery. This artery is still described as
being posterior in most current textbooks, but is
unequivocally positioned inferiorly when the
heart is viewed as it is positioned within the
chest (Fig. 2.42). Having supplied the inferior
interventricular artery, the right coronary artery
usually continues beyond the crux, supplying
branches to variable portions of the diaphrag-
matic surface of the left ventricle and hence
producing right coronary arterial dominance.

The main stem of the left coronary artery is
short, rarely being more than 1-2 cm in length. It
passes from the left coronary aortic sinus directly
into the left atrioventricular groove, being located
beneath the orifice of the left atrial appendage.
In this position, it branches into the anterior
interventricular and circumflex arteries. In many
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to supply the diaphragmatic, or inferior, surface of the left
ventricle. The short course of the left coronary artery is
also seen subsequent to its origin from the left coronary
aortic sinus, along with its anterior interventricular and
circumflex branches

Inferior ntersenircuar artary

Fig. 2.42 The computed tomogram shows that, although
usually described as being posterior and descending, the
coronary artery arising at the crux and running through the
inferior interventricular groove, occupies the inferior
rather than the posterior surface of the ventricular mass.
Note the compass
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Fig. 2.43 The main stem
of the left coronary artery is
short, and rarely exceeds

2 cm in length. In this
specimen, the artery gives
rise not only to the anterior
interventricular and
circumflex branches, but
also a small intermediate
branch
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individuals, rather than bifurcating in this fashion,
the artery supplies a third intermediate artery,
which supplies directly the obtuse marginal
surface of the left ventricle (Fig. 2.43).

The anterior interventricular artery, also
known as the left anterior descending artery,
gives diagonal branches to the adjacent surfaces
of the right and left ventricles as it runs within the
interventricular groove, although right-sided
diagonal branches are rare, along with the septal
arteries, which pass perpendicularly into the ven-
tricular septum. Usually called the perforating
arteries, these vessels penetrate the septum rather
than perforate it. There can be several such
branches, but one or two are usually larger than
the others. The largest may be the first of the
series, but frequently is the second septal branch.
This main septal branch, or two branches if of
equal size, supplies the greater part of the ventric-
ular septum, including the muscular portion of
the aortic root. This artery, or arteries, is the
target for ablation in the interventional treatment
of hypertrophic cardiomyopathy. It enters the
muscular septum immediately beneath the free-
standing sleeve of subpulmonary infundibular
musculature (Fig. 2.43).

The circumflex artery varies in its extent
depending on whether the right coronary artery
is dominant. In the setting of right coronary

arterial dominance, the circumflex artery can ter-
minate abruptly, having given rise to the obtuse
marginal branch or branches. In one-tenth of indi-
viduals, nonetheless, it is the circumflex artery
which is dominant. It then encircles the mural
component of the left atrioventricular junction,
continuing beyond the crux to supply part of the
diaphragmatic surface of the right ventricle. In
this setting, it is the circumflex artery that gives
rise to the inferior interventricular artery, along
with the artery to the atrioventricular node
(Fig. 2.44). Taken overall, therefore, there are
three major coronary arteries, these being the
right coronary artery and the anterior interven-
tricular and circumflex branches of the left coro-
nary artery. With regard to dominance, it is the
amount of myocardium vascularized by the right
and circumflex arteries that is of major
significance.

The Coronary Veins

The major cardiac veins, running alongside the
coronary arteries in the interventricular and atrio-
ventricular grooves, bring the larger part of the
coronary arterial blood back to the right atrium
(Fig. 2.45). The great cardiac vein accompanies
the anterior interventricular artery, becoming the
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Fig. 2.44 The diaphragmatic surface of the heart is
shown in the setting of left coronary arterial dominance.
The circumflex artery gives rise to the inferior interven-
tricular (IV) artery, continuing to supply branches to the
right ventricle. The artery to the atrioventricular (AV)
node also arises from the dominant circumflex artery
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Fig. 2.45 The cartoon shows the arrangement of the
cardiac veins that empty into the coronary sinus

coronary sinus in the left atrioventricular groove.
The sinus begins at the point of entrance of the
oblique vein of the left atrium, the sinus and vein
representing the remnants of the embryonic left
sinus horn. The junction usually corresponds with
the site of a prominent venous valve, the valve of
Vieussens. The terminal portion of the coronary
sinus possesses its own muscular walls [7], which

are extensions of the musculature of the right
atrium, although also possessing connections
with the left atrial walls. The initial walls of the
sinus, however, are extremely thin and prone to
rupture during surgical procedures. Taken overall,
the sinus runs within the left atrioventricular
groove and drains to the right atrium. Prior to
entering the right atrium, it collects the middle
cardiac vein, which runs in the inferior interven-
tricular groove along with inferior interventricular
artery. The small cardiac vein, which runs in the
right atrioventricular groove, also usually enters
the right atrium via the coronary sinus. When there
is persistence of the left superior caval vein, it
usually drains into the coronary sinus along the
route normally occupied by the oblique vein,
extending along the roof of the left atrium between
the left pulmonary veins and the left atrial append-
age. An additional series of veins, the minor car-
diac veins, usually three to four in number, drain
the blood from the anterior surface of the right
ventricle and enter directly the infundibulum.
Minimal cardiac veins, or Thebesian veins, drain
the blood from the walls of the right and left
atriums, opening directly into the atrial cavities.

Copyright to the Figures

The intellectual copyright in all the images, and
the rights to each of the images, are retained by
the authors. Most of the images have been newly
prepared and labeled specifically for inclusion in
this textbook. We are indebted to Gemma Price,
nonetheless, who prepared the original cartoons
for some of the figures and permitted us to relabel
them or use them in this publication.
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Abstract

For medical practitioners who care for children with congenital heart
disease, it is very evident that chromosomal disorders are commonly
associated with heart defects. In fact, chromosomal disorders account for
up to 10-12 % of cases presenting with cardiac disease in infants, and
overall, genetic syndromes may account for 20 % [Hartman et al. (Pediatr
Cardiol 32:1147-1157, 2011), Goldmuntz et al. (Congenit Heart Dis
6:592-602, 2011), Pierpont et al. (Circulation 115:3015-3038, 2007)].
Down syndrome is the most common chromosomal cause of congenital
heart disease, followed by Turner syndrome, trisomy 18, and the 22q.11.2
deletion syndromes. This chapter will address the relationship between
congenital heart disease (CHD) and chromosomal disorders to familiarize
the medical practitioners who care for these patients. We will discuss
aspects of the most common chromosomal disorders, including autosomal
trisomies, a sex-chromosome anomalies, and microdeletion syndromes.
The cardiac practitioner should be able to recognize distinctive features
and cardiac lesions associated with these syndromes, appreciate the neces-
sity of a complete medical genetics evaluation, and understand the risk of
CHD for a patient with a particular syndrome. The cardiac medical team
should be familiar with the outcomes associated with medical, palliative,
or corrective treatments, and need for ongoing cardiac surveillance.
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Introduction

It has been long recognized that chromosomal
abnormalities are a leading cause of CHD in chil-
dren. The purpose of this chapter is to describe
each of the common chromosomal syndromes that
present to pediatric cardiologists and cardiovascu-
lar surgeons. It is essential that the cardiology
practitioner be able to recognize common syn-
dromes, know when to suspect a chromosomal
disorder based solely on a specific type of heart
defect, and delineate the steps necessary to ensure
appropriate care of the patient with regard to their
heart disease and their general health. The ability
to appropriately counsel and educate patients,
families, and other care providers is based on
relevant knowledge of the underlying syndrome.
It is especially important that the cardiologist be
prepared to address noncardiac issues associated
with care of a child with a chromosomal syn-
drome, as they are not only likely to be in
a position to make a genetic diagnosis in an infant
who presents with suspected CHD but also to
manage initial care. Knowledge about the com-
mon features of a specific syndrome the guide
workup that extends beyond cardiac-specific
care, to identify and minimize comorbidities. In
addition, understanding the underlying genetic
diagnosis may predict surgical outcomes and
inform expectations for neurodevelopment and
medical outcome. The cardiology practitioner
should use the information in this chapter and
included references to serve as a guide as to
when and what types of other specialist referrals
should be considered, as well as to engage clinical
geneticists to assist with diagnostic workup
beyond the cardiac assessment and to deliver
family education and counseling.

An Introduction to Genetics of
Chromosomal Anomalies

This chapter details aspects of syndromes that are
caused by aneuploidy or an abnormal number of
chromosomes or genetic material that can include
the sex chromosomes or autosomal nonsex chro-
mosomes. These abnormalities can be observed
via conventional microscopy-based karyotyping
to identify whole or partial chromosome loss or
gain. They can also be detected by molecular
techniques that have enabled the identification
of submicroscopic microdeletions or
microduplications. In this chapter, we discuss
the chromosomal basis, clinical features, and
management of several of the more common
disorders. A tabular listing of less common
microdeletion and microduplication syndromes
is provided at the end of the chapter (Table 3.1).

Trisomies/Monosomies: Other than the sex
chromosomes in males, the human genome is
disomic, comprised of two nearly identical cop-
ies. Aneuploidy results when there is deviation
from the normal disomic state. Trisomies repre-
sent an additional copy of a chromosome,
whereas monosomy describes the loss of
a chromosome. Both result in pathology due to
aberrant, either excess or insufficient, dosage of
genetic material contained within critical chro-
mosome segments. Most commonly, trisomies
and monosomies result from meiotic nondisjunc-
tion or failure of duplicated chromosomes to seg-
regate into separate gametes, such that two or
zero copies are carried in an ova or sperm.
Thus, after fertilization, abnormal copies of the
chromosome are present during embryogenesis.
Of the possible whole chromosome aneuploidies,
trisomy 21, 18, and 13, and sex-chromosome
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Table 3.1 Deletion/duplication syndromes with associated congenital heart disease

Chromosome anomaly
(syndrome name)

1p36 deletion

3q duplication

4p deletion (Wolf-
Hirschhorn)

4q33 deletion

5p deletion (cri-du-chat)

8p23 deletion

Recombinant 8q; 8q22.1-
qter duplication and 8pter-
p23.1 deletion (San Luis
Valley)

9p deletion

10p deletion (HDR,
DiGeorge 2)
1123 deletion (Jacobsen)

Tetrasomy 12p mosaic
(Pallister-Killian)

17p11.2 deletion (Smith-
Magenis)
17p11.2 duplication

(Potocki-Lupski)
18q deletion

Tetrasomy 22p (Cat eye)

XXY (Klinefelter)

Frequency
estimate

1:5,000
Unknown
1:50,000
1:100,000
1:15,000-45,000
Unknown
Unknown-
founder effect

Southwestern
USA

Unknown

Unknown

1:100,000

Unknown

1:25,000

1:20,000

1:40,000

Unknown

1:660

Associated cardiac
lesions

(in order of frequency)
DCM, PDA, VSD,
dilated Ao, ASD, BAV,
Ebstein anomaly

ASD, VSD

ASD, PS, VSD, PDA,
Al, TOF

VSD, ASD, PDA, PS,
TOF, CoA

VSD, PDA, TOF, PA/
VSD, PS, DORV
AVSD, PS, ASD, VSD

Truncus arteriosus, TOF,
DORV

VSD, TGA/VSD

VSD, ASD, PS, TOF

LVOT obstructive
lesions: HLHS, Shone’s
complex, AS, MS; VSD,
ASD, DORV, AVSD, D-
TGA, AbRSCA,
dextrocardia, LSVC,
TA, IAA-B, PS

PDA, ASD, VSD, BAV,
CoA

Dilated Ao, BAV, ASD,
VSD, conduction
abnormalities

Dilated Ao

ASD, VSD, PS, TAPVR,
coronary anomaly, PA/
IVS

TAPVR, TOF, TA,
ASD, VSD

MVP, PDA, LV
dysfunction, early CV
disease

Proportion of
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patients with CHD References

43 %

>50 %

~50 %

50 %

20 %

65-80 %
>90 %

45 %

50 %

55 %

~40 %

40 %

50 %

25-35%

50 %

15-50 %

Heilstedt et al. [1]
Faas et al. [2]
Battaglia et al. [3]
Strehle et al. [4]
Hills et al. [5]

Ballarati et al. [6]
Sujanski et al. [7]

Swinkels et al. [8]
Huret et al. [9]
Lichtner et al. [10]

Grossfeld et al. [11]

Wilkens et al. [12]

Edelman et al. [13]

Jefferies et al. [14]

Cody et al. [15]

Freedom et al. [16]

Fricke et al. [17]
Aksglaede et al. [18]

Abbreviations: AbRSCA aberrant right subclavian artery, Ao aorta, Al aortic insufficiency, ASD atrial septal defect,
AVSD atrioventricular septal defect, BAV bicuspid aortic valve, CoA coarctation of the aorta, DCM dilated cardiomy-
opathy, DORV double-outlet right ventricle, D-TGA D-transposition of the great arteries, /AA-B interrupted aortic arch
type B, LSVC left superior vena cava, LV left ventricle, LVOT LV outflow obstruction, CV cardiovascular, MVP mitral
valve prolapse, PA/VSD pulmonary atresia with VSD, PDA patent ductus arteriosus, PS pulmonary valve stenosis, TA
tricuspid valve atresia, TAPVR total anomalous pulmonary venous return, TOF tetralogy of Fallot, VSD ventricular

septal defect
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aneuploidies are the only ones viable to term in
a pregnancy, with a very few rare exceptions.

Microdeletions and Duplications: A deletion
of a region of a chromosome and the genes
contained within can result in a partial chromo-
some monosomy causing a deletion or
microdeletion syndrome. The term microdeletion
has come into popular usage with the advent of
microarray-based technologies, which have per-
mitted detection of chromosome deletions (and
duplications) that were not detectable by tradi-
tional chromosomal karyotype analysis, typically
less than 5 megabases in size [19].
Microdeletions are more likely to cause abnormal
fetal development and congenital anomalies,
compared to small duplications which often
have a mild or inconsistent phenotype. However,
as a general rule, the larger the loss or gain of
genetic material, and therefore more reduced or
duplicated genes, the more severe the impact on
fetal development. With increasing usage of
array-based technologies to find a diagnosis in
children with multiple congenital anomalies,
phenotypes associated with specific
microdeletions and some duplications are becom-
ing better recognized [20, 21]. As additional chil-
dren with these rare microdeletion/duplication
syndromes are diagnosed, the frequency of asso-
ciated congenital anomalies will become clearer,
and the natural history of these diseases better
understood.

Unbalanced Translocations: Another type of
genetic change that can cause multiple congenital
anomalies including CHD is unbalanced trans-
locations. An unbalanced translocation is usually
the result of inheritance of an abnormal chromo-
some from a normal parent who carries
a balanced translocation, where all of the normal
genomic material is present, but in abnormal
locations. Individuals with balanced transloca-
tions typically do not have disease, unless the
translocation disrupts an essential gene. How-
ever, these individuals are at high risk of multiple
miscarriages and/or children with multiple con-
genital anomalies as the result of inheriting an
aneuploid or unbalanced complement of genetic
material. Because of the large number of possible
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combinations and the rarity of each, the spectrum
of unbalanced translocations seen in children
with congenital heart disease is beyond the
scope of this chapter. Often these children will
have a phenotype that results from combination
of deletion of one chromosome and/or duplica-
tion of another. Cardiology providers should
seek genetics consultation in these cases, as
medical workup is unstandardized and predicting
medical and neurodevelopmental outcome is
extremely complex. Due to the potential risk
for CHD in any child with an unbalanced
translocation, screening for cardiac disease is
warranted.

Mosaicism: Mosaicism refers to the presence
of aneuploidy, an atypical complement of chro-
mosomes, in only a subpopulation of cells within
the individual. A mosaic diagnosis can be made
by conventional karyotype or by microarray,
depending on the nature of the aneuploidy. In
other words, some cells (from any given tissue)
will have a normal karyotype, while others will
contain the chromosomal abnormality. In many
cases this leads to a milder phenotype in the
affected individual. However, the medical prac-
titioner should exercise equal caution in a mosaic
individual since the exact extent and tissue local-
ization of mosaicism cannot be accurately mea-
sured. Generally, an individual with a mosaic
form of a syndrome should undergo the same
cardiac screening and surveillance as an individ-
ual with the “full” nonmosaic syndrome.

Chapter Organization

This chapter is organized by diagnosis. Each syn-
drome is presented in a similar format to allow
cardiac practitioners to locate pertinent informa-
tion with ease. Each syndrome is listed by
accepted chromosomal nomenclature as well as
by its familiar name, referring to the physician
credited with its first description. Characteristic
features (dysmorphology) are described to assist
the clinician with making a diagnosis based on
the physical characteristics of the patient. Popu-
lation epidemiology of each syndrome is
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presented with the overall prevalence of CHD.
For each, there is a brief discussion of the inher-
itance pattern and de novo occurrence rate.
A listing of affected organ systems is discussed
in brief to further assist with diagnosis, as well as
medical workup for the newly diagnosed or
presurgical patient. It is beyond the scope of this
chapter to cover all medical surveillance issues
for each syndrome. Nonetheless, pertinent medi-
cal aspects are covered as they can contribute to
early and late morbidity and mortality after car-
diac interventions. For example, airway abnor-
malities and atlantoaxial instability may be
important considerations for the cardiac anesthe-
siologist caring for a child with Down syndrome
or 22q deletion syndrome. Immune dysfunction
may likewise be relevant to care of cardiac
postoperative fever, and attention to endocrine
dysfunction may prevent cardiovascular compro-
mise. The most common types of CHD in each
syndrome will be discussed, as some syndromes
should be considered based on the cardiac lesion
alone. The cause of CHD for each syndrome will
be mentioned if it is currently understood, with
genes named that are suspected to have
a causative role in development of the heart.
General medical and surgical outcomes will be
detailed where these have been studied in
larger groups.

The following syndromes will be discussed in
detail: trisomies 21, 18, and 13, Turner syndrome,
and the 22qll1.2 and Williams Syndrome
microdeletion syndromes. A summary of other
well-known microdeletion and duplication syn-
dromes is provided in Table 3.1. Referenced liter-
ature and consensus guidelines for medical and
cardiac care are provided where available. The
National Center for Biotechnology Information/
National Library of Medicine sponsors Online
Mendelian Inheritance in Man (OMIM; http://
www.ncbi.nlm.nih.gov/omim), an online catalog
of human genes and genetic disorders, as well as
the GeneTest Reviews (http://www.genetests.
org). Both are an excellent resource for medical
practitioners seeking current expert information
on chromosome syndromes, microdeletion syn-
dromes, and single-gene disorders.

Syndromes
Trisomy 21: Down Syndrome

Epidemiology and Genetics

Trisomy 21, commonly known as Down syn-
drome, is the result of three copies of chromo-
some 21 transmitted to an embryo. It is the most
common chromosomal anomaly in live born
infants. Although others described the syndrome
prior to 1845, it is named for British physician
John Langdon Down, who described the features
in 1866. Trisomy 21 was identified as the cause
by Dr. Jérome Lejeune in 1959 [22]. It is esti-
mated to occur in 12 per 10,000 live births in the
United States and may be increasing in frequency
[23] due to trends in advanced maternal age
which may be modified by the increase in the
rate of termination for this diagnosis [24]. Tri-
somy 21 is most often de novo and not inherited
from a parent. Full trisomy 21 is present in 95 %
of individuals with Down syndrome. However,
the syndrome can also be the result of
a translocation event (4 %) and can be found in
mosaic form (1 %). In rare cases a translocation
can be inherited [25]. Individuals with Down
syndrome generally have decreased fertility but
would have a 50 % recurrence rate in their

progeny.

Physical and Medical Features

The syndrome can usually be recognized in an
infant by typical features that include the follow-
ing findings: short stature, hypotonia, flattened
occiput (brachycephaly), epicanthal folds (skin
fold covering the inner edge of the eye),
upslanting palpebral fissures, low-set rounded
ears, open mouth with prominent tongue, broad
hands with short digits (brachydactyly), fifth digit
curvature (clinodactyly), single palmar crease,
wide 1st—2nd toe (sandal) gap, ligamentous lax-
ity, diastasis recti, and small genitalia [26]. Typ-
ical facial features are depicted in Fig. 3.1.
Cardiac malformations are present in 50 % of
individuals with Down syndrome and are the
most important medical issues in infancy
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Fig. 3.1 Boy with Down
syndrome as a 9-month-old
infant and as a young child.
Notable features include
upslanting eyes, epicanthal
folds, open mouth,
macroglossia, low-set
rounded ears,
brachydactyly (short
fingers), and fifth digit
clinodactyly (curved digit)
(Photographs courtesy of =
family)

contributing to significant morbidity and mortal-
ity in infancy [27]. Other affected organ systems
include the GI system (in 12 %), with common
anomalies including duodenal atresia, annular
pancreas, Hirschsprung’s disease, and other
anorectal anomalies. Celiac disease is also fre-
quent (7-16 %). Endocrine abnormalities occur
with increased frequency, with hypothyroidism
in 15 % of individuals, and an increased rate of
insulin-dependent diabetes mellitus. Reproduc-
tive problems result from low testosterone in
males and ovarian/pituitary dysfunction in
females. Ear, nose, and throat issues include
obstructive sleep apnea, enlarged tonsils, conduc-
tive hearing loss, and frequent otitis media
related to anomalies of the eustachian tube.
Macroglossia, small jaw and palate with cleft
soft palate often occur and contribute to feeding
difficulties. The otolaryngology issues combined
with low tone can contribute to upper airway
obstruction in infants and children. Hematologic
and immune system abnormalities include
increased relative risk for leukemias (10-20
times that of general population), and increased
prevalence of immune system disorders, which
can contribute to a higher incidence of upper
respiratory infections and chronic hepatitis. Cen-
tral nervous system involvement ranges from
mild to severe but predominantly results in
moderate intellectual disability. Other CNS

involvement includes atlantoaxial instability, sei-
zure disorders such as infantile spasms (5-10 %),
autistic features, and a very high rate of early
onset Alzheimer’s disease. The American Acad-
emy of Pediatrics health supervision guidelines
for children with Down syndrome is an excellent
resource for guidance in treatment of these
and other medical concerns that arise in Down
syndrome (http://pediatrics.aappublications.org/
content/128/2/393 full.pdf) [28].

CHD in Down Syndrome

Congenital heart disease is present in 40-55 % of
individuals with Down syndrome. Accordingly,
all children with Down syndrome should under-
gone screening echocardiography soon after
birth. Several large population-based studies
performed since the 1970s have shown very sim-
ilar overall prevalence rates and indicated the
preponderance of certain defects, including atrio-
ventricular septal defects (AVSD), atrial and ven-
tricular septal defects (ASD and VSD), tetralogy
of Fallot, and persistent patent ductus arteriosus
(PDA) [29-33]. The strong association between
AVSD and Down syndrome is well recognized,
with AVSD (all forms included) being identified
in 3047 % of Down syndrome individuals with
CHD. Common AVSD is by far the most com-
mon subtype of AVSD in Down syndrome,
followed by ventricular component and atrial
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component only types. Unbalanced, single-
ventricle types of AVSD are reported, but are
relatively rare. Furthermore, the diagnosis of
AVSD raises the question of a diagnosis of
Down syndrome, as its prevalence is as high as
85 % among all those diagnosed with an AVSD
[34]. Combined VSD and ASD are common
lesions reported in 17—44 % of those with CHD,
and ASD alone only in 1542 %. Estimates of the
prevalence of tetralogy of Fallot and persistent
PDA are similar between studies, with both of
these defects being present in roughly 3—7 % of
patients with CHD.

There is a growing body of literature that also
indicates altered risk for acquired cardiovascular
disease in individuals with Down syndrome. Pul-
monary arterial hypertension has long been rec-
ognized as a problem in children and adults with
Down syndrome, both with and without CHD,
often predisposed by contributing upper airway
and pulmonary risk factors [35]. Pulmonary
hypertension may be more frequent due to reduc-
tion of alveolar count, persistence of the fetal
double capillary network in the lung and reduc-
tion in the cross sectional area of the vascular bed
[36, 37]. Further, the severity and incidence of
alveolar simplification (decreased alveolar septal
formation) is increased in children with Down
syndrome and congenital heart defects [38, 39].
Persistent pulmonary hypertension is more fre-
quent in infants with Down syndrome with and
without structural heart disease [40]. Due to the
multifactorial  nature of this  problem,
a multidisciplinary approach is appropriate to
monitor and treat pulmonary hypertension in
infants, children, and adults with Down syn-
drome [41]. Interestingly, a vascular phenotype
that is notably absent in Down syndrome is ath-
erosclerotic coronary artery disease, which has
been recognized since a series of autopsies in
the 1970s on older individuals with Down syn-
drome revealed a notable lack of atheroma [42].
Correspondingly, there is a scarcity of reports of
myocardial infarction in patients with Down syn-
drome in the literature likely as a result of some
coronary protective effect of trisomy 21 [43].

The genes that cause endocardial cushion
defects in Down syndrome are under active

investigation [24]. Clues have been provided
through analysis of patients with partial chromo-
some 21 duplication and CHD, narrowing the
region responsible to a 1.77-Mb “DSCHD” crit-
ical region, which contains 10 genes including
the promoter and a portion of the Down syndrome
cell adhesion molecule (DSCAM) gene [44].
Given that only 50 % of individuals with Down
syndrome have CHD, it is also likely that familial
modifier genes alter a “threshold” for cardiac
malformation [45]. Ethnic background also
appears to influence the prevalence and type of
CHD, enforcing the theory that other modifier
genotypes are important in endocardial cushion
formation. More expansive genomic analyses and
animal models may lead to a clearer understand-
ing of the impact of genes present on chromo-
some 21 and throughout the genome on the
development of the heart in Down syndrome.

Outcomes

Population-based studies indicate that children
with Down syndrome have a decreased survival
rate compared to the general population that is
primarily attributed to the presence of CHD, GI
abnormalities, or both [46]. Survival of children
with Down syndrome has improved dramatically
over the past decades due to improvements in
both medical treatment and surgical interven-
tions. Risk factors for early death include prema-
turity (<30 weeks gestation) and very low birth
weight. Evidence suggests that 10-year survival
of Down syndrome children without major
malformations is similar to that of the general
population.

When specifically considering cardiac surgi-
cal outcomes in Down syndrome, the current
evidence indicates that trisomy 21 is not
a significant risk factor for postoperative mortal-
ity [47-49]. Some studies even suggest that there
are better outcomes of biventricular and pallia-
tive AVSD repair in children with Down syn-
drome compared to nonsyndromic children with
similar lesions [50]. There are, however, differ-
ences in the postoperative course of infants and
children with Down syndrome compared to
patients without. A large retrospective cohort
study using the Society of Thoracic Surgeons
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Congenital Heart Surgery Database revealed that
patients with Down syndrome were on average
younger at surgery, except those undergoing
AVSD or tetralogy of Fallot repair [48]. The
length of hospitalization for post surgical Down
syndrome patients was longer, by a matter of
a day(s) for most surgeries, and was more often
associated with respiratory and infectious compli-
cations. Patients with Down syndrome also had
higher rates of heart block requiring pacemaker
placement with ventricular septal defect repair.

Trisomies 18 and 13: Edwards
Syndrome and Patau Syndrome

Epidemiology and Genetics
Trisomy 18, also known as Edwards syndrome,
was first described in a 1960 article published in
the Lancet by JH Edwards et al. in the same issue
where trisomy 13 was reported by Klaus Patau
and colleagues [51, 52]. Trisomies 18 and 13 are
the second and third most common autosomal
trisomies, respectively, in live born infants. This
section will combine the discussions of epidemi-
ology, genetics, and outcomes of both syndromes,
as they are similar. Most large population studies
have analyzed and reported on data about the two
syndromes in parallel given the similarities in epi-
demiology and natural history, with similar impli-
cations for medical care and family counseling.
Trisomy 18 occurs in 1-4 per 10,000 live
births, and trisomy 13 in between 0.6 and 1.4
per 10,000 live births [53, 54]. Recent large ret-
rospective studies evaluating epidemiology and
outcomes in both trisomies 18 and 13 show that
the fetal prevalence of both trisomy syndromes
has also increased over a 20-year period correlat-
ing with increases in advanced maternal age,
while concurrently the rate of live births has
decreased. This decrease in the number of live
births is attributed to increases in both fetal diag-
nosis and elective terminations as a result of
prenatal diagnosis. Up to 50 % of pregnancies
with trisomy 13, and 72 % of those with trisomy
18, result in miscarriage or stillbirth [53, 55]. Of
the trisomy 18 fetuses that survive to term, 60 %
are female, a difference not accounted for by
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differential rates of termination. Full trisomies
18 and 13 are generally de novo events, not
inherited from a parent [56]. Partial duplication
of either chromosome or mosaic trisomies 18 or
13 is also seen and can produce features of that
syndrome to be present and may result in attenu-
ated forms of the syndromes. Partial trisomies 18
or 13 is often the result of triplication of the long
arms of either chromosome, as the consequence
of an unbalanced translocation event, found in
2-3 9% of trisomy 18 and 5-10 % of trisomy 13
cases. While partial trisomy 13 may have better
survival, the same may not be true for partial
forms of trisomy 18. Mosaicism is the cause in
roughly 5 % of cases. The degree of mosaicism
identified from blood karyotypes is not predictive
of the degree mosaicism in other tissues or clin-
ical severity in either syndrome. Robertsonian
unbalanced translocations 13;14 are the most
common form of trisomy 13 due to an unbalanced
translocation. In the event that a parental bal-
anced translocation or inversion is the cause of
the unbalanced karyotype in the child, there is
a significant recurrence risk. In rare cases these
trisomies result from inheritance from a mosaic
parent. So although trisomies 13 and 18 are rarely
inherited, there is an increased recurrence risk
above the general population for parents of chil-
dren with one of these syndromes [57].

Physical and Medical Features

of Trisomy 18

Edwards et al. and Smith et al. both described
the features associated with three copies of chro-
mosome 18 in 1960 [51, 58] (Fig. 3.2). The pattern
of dysmorphology and malformations is well
defined by the following features: pre- and post-
natal growth  deficiency, dolichocephaly
(scaphocephaly), short palpebral fissures,
micrognathia, abnormally formed external ear,
and redundant skin at the back of the neck
[26, 56]. Other characteristic physical findings
include clenched fists with second and fifth digits
that override, small, underdeveloped thumbs,
short sternum, and radial aplasia/hypoplasia and
clubbed feet. Dermatoglyphics (finger print
pattern) often reveal a simple arch pattern.
Cardiac defects are the most common major
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Fig. 3.2 Girl with trisomy
18 as an infant. Same
individual shown as

a young child. Notable
features include mild
dolichocephaly, short
palpebral fissures,
micrognathia, abnormally
formed external ear
(Photographs courtesy of
family)

Fig. 3.3 Girl with trisomy
13 as an infant. Same
individual shown at 13
years of age. Notable
features include cleft lip
(later repaired), postaxial
polydactyly, hypotelorism,
and flat nasal bridge
(Photographs courtesy of
family) ’

organ malformation, while genitourinary anoma-
lies, such as horseshoe kidney, are also frequent
(2575 % of individuals). Less frequent findings
(5-25 %) include gastrointestinal malformations
such as omphalocele, esophageal atresia and
tracheoesophageal fistula, pyloric stenosis, and
Meckel diverticulum. Central nervous system
abnormalities include cerebral hypoplasia, agene-
sis of the corpus callosum, polymicrogyria, and
spina bifida. In the less frequent category are cra-
niofacial defects including orofacial clefts,
microphthalmia, coloboma, and cataract of the eye.

Physical and Medical Features

of Trisomy 13

The classic pattern of malformations associated
with Patau syndrome caused by full trisomy 13,
mosaic and partial forms, is well recognized and
present in 60-70 % of cases [26, 56] (Fig. 3.3).
The classic phenotype consists of variable
degrees of midline defects with postaxial poly-
dactyly: extra fingers on the ulnar side of hand

and lateral aspect of feet. The syndrome can
present as holoprosencephaly or cyclopia at one
end of the spectrum, but features may be less

dramatic and demonstrate microphthalmia/
anophthalmia, orofacial clefts, and hypotelorism.
In the absence of obvious midline defects, the
presence of frontal capillary malformations and
frontal hair upsweep on the forehead, ear
malformations, and cutis aplasia over the poste-
rior fontanelle can assist with diagnosis. Major
malformations in infants diagnosed with trisomy
13 include cardiovascular malformations in up to
70 %, cleft lip or palate (73 %), abdominal wall
defects (20-25 %), abnormal external genitalia in
females and males (30 % and 71 %, respectively),
and central nervous system abnormalities (11 %)
[59, 60]. Both trisomies 18 and 13 are associated
with severe intellectual disability.

CHD in Trisomy 18 and Trisomy 13
Congenital heart disease is nearly universal in
children with trisomy 18, with estimates between
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90 % and 100 % based on a series of postmortem
specimens performed by Van Praagh et al. in the
1980s and a few case series of echocardiographic
evaluations performed in live infants [61-63]. In
the Van Praagh series, all 41 cases were noted to
have ventricular septal defect, with tricuspid valve
anomalies in 80 %, pulmonary valve anomalies in
70 %, aortic valve anomalies in 68 %, and mitral
valve anomalies in 66 %. Malformation of more
than one valve (polyvalvar disease) was present in
93 % of subjects. Double-outlet right ventricle (all
with mitral atresia) was seen in 10 % of cases, and
15 % had tetralogy of Fallot (2 of 6 with pulmo-
nary atresia). In smaller series based on echocar-
diography, similar observations were made with
76-80 % of patients having ventricular septal
defects, 75 % with atrial septal defects, 50-90 %
with patent ductus arteriosus, with a majority hav-
ing more than one lesion. These series also noted
valvar abnormalities in nearly 100 %, with most
individuals having involvement of at least two
valves. Other common findings include bicuspid
aortic valve (up to 30 %) and aortic coarctation
(10 %). Based on these studies, between 10 % and
25 % of patients will have more complex cardiac
lesions. In these patients the patent ductus arteriosus
was usually large with bidirectional shunting. This
finding in addition to right heart dimensions, pathol-
ogy of pulmonary arterioles, and more recent pop-
ulation surveys indicates a high incidence of
pulmonary hypertension in trisomy 18 [64]. Evi-
dence to date demonstrates that all individuals with
trisomy 18 likely have cardiac pathology with large
ventricular septal defect and patent ductus
arteriosus occurring commonly. Complex CHD is
much less frequent, but pulmonary atresia with
intact septum, AVSD, and hypoplastic left heart
syndrome have all been reported.

Trisomy 13 also has a high frequency of CHD,
present in between 50 % and 85 % of individuals,
making heart abnormalities as common as the
classic limb or orofacial defects [26, 60, 63].
Common types are very much like what has
been reported in trisomy 18, with patent ductus
arteriosus, ventricular septal defect, and atrial
septal defect being common (each seen in
50-85 % of patients). Tetralogy of Fallot is the
most frequent reported complex defect, with
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arange of others reported in the literature, includ-
ing endocardial cushion defects, transposition of
the great arteries, truncus arteriosus, tricuspid
atresia, Ebstein anomaly, and hypoplastic left
heart syndrome. In the largest case series of
16 patients, over one third of infants with trisomy
13 had complex CHD. A more recent large pop-
ulation-based study published from the United
States Healthcare Cost and Utilization Project
reports a lower prevalence of CHD in both tri-
somy 18 (45 %) and trisomy 13 (35 %) in over
1,000 individuals with each diagnosis [59].
A lower prevalence of all major malformations
in this report is likely due to the fact that the
database does not reflect a universal screening
for CHD or other anomalies, as well as a low
rate of autopsy in deceased individuals.

The genes that cause abnormal heart develop-
ment in Edwards and Patau syndromes have not
been systematically investigated to date.

Outcomes
Many population studies performed over the last
three decades have demonstrated that lifespan is
drastically reduced in infants born with trisomies
18 and 13 [65]. Median survival in trisomy 18 is
reported to be between a few days to 2 weeks and
in trisomy 13 between 3 and 30 days [54, 66-70].
Based on cumulative data from several studies,
for infants with trisomy 18, 36-52 % survive the
first week, 25-38 % the first month, and 2-8 %
the first year. Estimates for survival in trisomy 13
are similar with 38—61 % surviving the first week,
13-30 % the first month, and 0-9 % the first year
[60, 66, 70-72]. For reasons not yet understood,
survival in female infants with trisomy 18 is
better than that of males. Comparison between
the first large-scale analyses of survival and those
performed more recently indicates no significant
change in survival over the last 30 years [73].
The conventional approach to these trisomy
syndromes largely discouraged any type of inter-
vention, citing the “hopeless” outlook for these
patients who ought not be subjected to needless
interventions, and that intensive treatment heavily
consumes societal resources. Be that as it may,
instances of management have resulted in recent
studies suggesting prolonged survival with
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intensive medical and surgical interventions
including neonatal resuscitation, respiratory sup-
port with or without tracheostomy, gastrointestinal
surgeries, and inotropic medications. Some groups
have reported median survival of up to 152 days in
trisomy 18, with 25 % surviving to 1 year, and
median survival over 700 days in trisomy 13, with
35 % surviving to 1 year [74, 75]. These two
studies only included a very limited number of
cardiac surgeries in a few cases of trisomy 13.
There have been other publications specifically
studying cardiac surgery in both trisomies 13 and
18, which have demonstrated prolonged mean sur-
vival in a selected group of patients who received
palliative procedures to correct overcirculation
(pulmonary artery banding, patent ductus
arteriosus ligation), shunts to provide pulmonary
blood flow in tetralogy of Fallot, and repair of
coarctation of the aorta [64, 76, 77]. Some patients
have had primary intracardiac repairs including
ventricular septal defect patching and repair of
tetralogy of Fallot, performed electively. Due to
the observation that death in patients with triso-
mies 13 and 18 is correlated with congenital heart
disease and heart failure, these studies suggest that
palliation of overcirculation, protecting the pul-
monary vasculature, and preventing heart failure
can impact survival in these syndromes. Of note,
complex repairs have not been attempted in more
complex lesions. The Support Organization for
Trisomies (SOFT) maintains a database of types
of surgeries and medical facilities that have
offered them to patients with trisomies 18 and 13
as reported by participating families and providers
(www.trisomy.org). The discussion surrounding
when and whether to perform palliation or repairs
of congenital heart disease in trisomies 18 and 13
is beyond the scope of this chapter, and it is impor-
tant to note that many families will choose “com-
fort care” for their infants with Edwards or Patau
syndrome. Attitudes related to interventions will
continue to evolve in the medical and biomedical
ethics communities, with greater focus on family-
centered care and joint medical decision making.
The discussion surrounding care of infants with
trisomies 18 and 13 has been well framed by
Dr. John Carey in recent literature for interested
readers [65].

Turner Syndrome: Monosomy X

Epidemiology and Genetics

Turner syndrome is named for Dr. Henry Turner
who described a triad of “infantilism, webbing of
the skin of the neck, and cubitus valgus” in 1938
[78]. Credit must also be attributed to Dr. Privat-
dozent Ullrich who provided an equally descrip-
tive report in 1930 [79]. The Turner syndrome
(TS) is now well recognized for its physical
characteristics, endocrine abnormalities, typical
heart defects, and chromosome anomalies of
a single copy of chromosome X in a female with
these clinical features. The syndrome affects
approximately 1 in 2,000-2,500 live born females,
with higher prevalence of 1 in 600 fetal life [80, 81].
Although the classic definition of TS includes the
karyotype of 45,X which denotes complete
absence of a second X chromosome, partial
X chromosome deletions, ring X chromosomes,
and other X abnormalities can present with typi-
cal features [82, 83]. Mosaicism is common and
may be present in greater than 50 % of females
with X chromosome abnormalities. Some women
with mosaicism will have classic TS, and many
are likely to a “milder” or attenuated phenotype.
There is a greater likelihood that mosaic individ-
uals will be diagnosed at a later age or evade
detection entirely. The most common form of
mosaicism is 45,X/46,XX, but many other com-
binations of sex-chromosome mixtures have been
reported. In a population of girls with TS referred
for a growth hormone trial, those with mosaicism
were more likely to have been detected inciden-
tally, and nonmosaic patients were more likely to
demonstrate classic features [84]. Small distal
short arm deletions of the X chromosome (Xp-)
and distal long arm deletions are also seen.
Depending on the size of the deletion and the
genes that are deficient, these women can have
some TS features but are not typically given the
diagnosis of TS. Genetic counseling may be nec-
essary when X chromosome abnormalities are
detected pre- or postnatally to determine the sig-
nificance and potential impact on health, includ-
ing cardiovascular impact. As a rule, when
typical TS heart lesions are identified and
an abnormality of the X chromosome is found,


http://www.trisomy.org/

58

the patient should be followed as any patient with
TS. Karyotype testing is recommended in all
suspected cases of TS for diagnosis and prognosis
is based on presenting features and genetic
heterogeneity as described above.

The genetic etiology of vascular malformation
in TS is still under investigation [85]. Haploinsuf-
ficiency (lower gene dosage) of the SHOX tran-
scription factor has been implicated in growth
and skeletal findings in TS and may impact on
cardiovascular development through downstream
affects on brain natriuretic peptide (BNP) and
fibroblast growth factor receptor 3 (FGFR3).
However, other gene interactions are likely nec-
essary since isolated SHOX gene mutations have
been identified in humans with growth and skel-
etal features, but typically without CHD or
known vascular disease.

Physical and Medical Features

Increased rates of prenatal testing have led to more
prenatally diagnosed TS which is considered in
pregnancies with hydrops fetalis, increased nuchal
translucency, cystic hygroma, or lymphedema,
with or without associated CHD. Similar findings
may be present in the newborn, where cystic
hygroma may result in webbing of the neck, and
lymphedema in the extremities is a key to diagno-
sis in over 95 % of those detected as infants [86].
Other classic findings include low posterior hair-
line, misshapen, prominent or rotated ears, narrow
palate with subsequent crowding of dentition,
a broad chest with wide-spaced nipples, cubitus
valgus, and hyperconvex nails. In children without
significant CHD or neonatal features, the diagno-
sis is often made in girls who present with short
stature, lack of breast development, amenorrhea
with elevated follicle stimulating hormone levels,
and/or infertility [87].

The most serious medical concerns in TS are
related to the cardiovascular system as discussed
below. Malformations of the urinary system are
identified in 3040 % of TS patients, with
structural kidney defects being more common
in nonmosaic TS, and collecting system
malformations occurring more often with mosaic
and other structural X chromosome abnormali-
ties. Autoimmune thyroiditis occurs in up to 25 %
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of children with TS, and celiac disease is present
in approximately 5 %. Growth hormone therapy
to augment short stature has become common for
girls with TS. One third will have strabismus and
hyperopia among other eye anomalies. Hearing
problems and ear malformations are common,
along with otitis media. Distinct dental/
craniofacial features can be noted with narrow
maxilla and broad retrognathic mandible. Abnor-
malities of tooth development are common, plac-
ing girls at risk of tooth loss during orthodontic
treatment or intubation procedures.

CHD in Turner Syndrome

CHD is the major cause of morbidity and mortal-
ity in TS from fetal life into adulthood. All
children with Turner syndrome should have
a cardiology evaluation and an echocardiogram
to evaluate for a bicuspid aortic valve and aortic
dilation  (http://pediatrics.aappublications.org/
content/111/3/692 full.html). Cardiac defects
significantly impact prenatal viability, with over
60 % of affected fetuses having CHD. Many of
which do not survive early gestation, and in com-
bination with electively terminated fetuses, this
accounts for the discrepancy between fetal and
live birth incidence rates [81, 88]. Hypoplastic
left heart occurs in 13 % of fetuses with TS, and
coarctation in 45 %.

Of all infants and children with TS, it is esti-
mated that between 22 % and 70 % have some
cardiovascular manifestation with 70 % of those
presenting as structural or vascular abnormali-
ties, and 30 % with functional defects including
conduction abnormalities and hypertension
[85, 89, 90]. In surveys of children and adults
with TS and CHD, 15-30 % had bicuspid aortic
valve, and 17-18 % had a history of coarctation
of the aorta. Other types of CHD are seen includ-
ing partial pulmonary venous return in up to
13—15 %, left superior vena cava in 8-13 %,
septal defects in 2-6 %, and mitral valve
abnormalities in approximately 5 %. More com-
plex lesions, including hypoplastic left heart
syndrome, aortic valve stenosis, and atrioventric-
ular septal defects, are seen in some, which rein-
forces the need for regular electrocardiogram
screening in infants. Recent literature evaluating
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differences between girls with incidentally
detected TS and clinically suspected TS suggests
that incidentally discovered TS is more likely to
be mosaic and less likely to have cardiovascular
findings (31 % had cardiovascular finding) com-
pared with clinically detected TS, where the prev-
alence of cardiac findings was 64 % [84]. This
data suggests that “milder” TS caries a lower, but
significant, risk of CHD.

Aortopathy is a recognized feature of Turner
syndrome, which can occur in the absence of
congenital heart disease, although there is greater
risk in those with known bicuspid aortic valve,
history of coarctation, and/or known aneurism
[89, 91, 92]. The exact prevalence and natural
history of aortopathy in TS is actively under
investigation, but wider use of cardiovascular
MRI in screening of older individuals with TS
has led to better detection of vascular abnormal-
ities [93-95]. These data show some degree of
aortic dilation in 23-30 % of adults and an elon-
gated transverse arch in 50 %, with coarctation
detected in 12 % adults. Bicuspid aortic valve is
associated with accelerated growth of the aortic
root, while age, aortic valve morphology, and
blood pressure each correlate with thoracic
aortopathy. Patients with Turner syndrome are
at risk for aortic dissection and rupture. In
arecent study, of patients with spontaneous aortic
dissections, 18 of 19 (95 %) had an associated
cardiac malformation that included a bicuspid
aortic valve. A recent study suggested that indi-
viduals with Turner syndrome who are >18 years
of age with an ascending aortic size index
>2.5 cm/m? should be considered for an aortic
operation to prevent aortic dissection [96].
Hypertension affects 25 % of girls and approxi-
mately 50 % of adult women with TS. Careful
surveillance and control of blood pressure is
important to reduce the risk of aortic dissection.

Conduction abnormalities are also common
in TS [97]. Sinus tachycardia is seen in all stages
of life, accelerated atrial and atrioventricular
conduction are observed, and risk of atrial
tachycardia may be increased. The myocardial
action potential can be prolonged with delayed
repolarization, and a pathologically prolonged
corrected QT interval is seen in one third of

patients. It is as yet unclear if this confers risk
for sudden death in this population. Health sur-
veillance guidelines from the Turner Syndrome
Consensus Study Group provide recommenda-
tions regarding care of all medical issues asso-
ciated with TS [82].

Outcomes
Estimating the impact of cardiovascular disease
in TS is complicated by comorbid conditions, but
CHD is estimated to account for 8 % and acquired
cardiovascular disease 41 % of all cause mortal-
ity [98]. In regard to CHD, there is evidence that
repair of hypoplastic left heart syndrome as well
as partial anomalous pulmonary vein repair in TS
has less favorable outcomes compared to the
general population of patients with these lesions
[99-101]. However, data from the Pediatric
Cardiac Care Consortium indicates that for most
other interventional and surgical procedures,
there is no difference in length of hospital stay
or mortality between TS and non-TS patients.
Aortopathy is a significant cause of morbidity
and mortality in adolescent and adult women
with Turner syndrome [102]. The estimated risk
of aortic dissection in young and middle-aged
women with TS is 100-fold over that of age-
matched controls. Surveillance through adult-
hood is likely to decrease morbidity and mortality
in Turner syndrome. Most women with Turners
syndrome are not fertile, but in the age of assisted
reproduction, some women with TS are able to
carry a pregnancy, and aortic dissection during
pregnancy has been documented [103]. These
pregnancies should be considered high risk and
monitored very carefully by obstetricians and
cardiologists for potential pregnancy-related aor-
tic dissection. Overall mortality is threefold
greater in women with TS compared to the gen-
eral population and higher in nonmosaic TS com-
pared to mosaic and other forms. Based on data
from a Danish national registry study, mean life
expectancy in all forms of TS is 69 years, and
64 years in nonmosaic, 45, X TS [104]. The
decreased life expectancy in nonmosaic TS
appears to be multifactorial, related to acquired
cardiovascular disease, stroke, diabetes, and
metabolic syndrome.
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22q11.2 Deletion Syndrome: DiGeorge
Syndrome, Velocardiofacial Syndrome
(VCFS), Shprintzen Syndrome,
Conotruncal Anomaly Face Syndrome

Epidemiology and Genetics

The syndrome now termed the “22q deletion syn-
drome” is the most common microdeletion syn-
drome in humans. Often referred to as DiGeorge
syndrome, the 22q phenotype was described by
several different groups as early as the late 1960s
and 1970s who each noted a distinctive phenotype
observed in families [105]. The association
between conotruncal heart defects, characteristic
facies, learning differences, and palate anomalies
was recognized by Dr. Robert Shprintzen,
a speech pathologist, and by Dr. Angelo
DiGeorge, an endocrinologist at St. Christopher’s
Hospital for Children in Philadelphia, who
described the same characteristic heart findings
with thymic deficiency, hypocalcemia, and cleft
palate. A Japanese group concurrently described
the features of “conotruncal anomaly face syn-
drome” (CTAF). In the early 1980s, improve-
ments in chromosome analysis led to the initial
discovery of an abnormality on the long “q” arm of
chromosome 22 [106, 107]. Fluorescent in situ
hybridization (FISH) technology allowed more
sensitive detection of the deletion, and recognition
that most individuals diagnosed with DiGeorge,
VCEFS, Shprintzen, CTAF, and some with Opitz
G/BBB syndrome actually carried the same unify-
ing genetic diagnosis [108]. Current testing will
detect the deletion in >95 % of patients with the
clinical syndrome.

The genetic etiology of the 22q deletion syn-
drome is typically due to a loss of ~3 megabases
of genetic material within the long arm of chro-
mosome 22 and is estimated to occur in between
1 in 4,000 and 1 in 6,500 live births, but may be
underestimated due to lack of recognition in indi-
viduals with a milder phenotype [109, 110].
Recent large population-based studies agree
with older prevalence estimates and predict that
700 children per year are born with the 22q11.2
deletion in the United States, with equal male-to-
female prevalence, and some suggestion that the
deletion may be more common in the Hispanic
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population [111]. It is inherited in an autosomal
dominant fashion but occurs de novo in 93 % of
cases (ergo, 7 % of cases are inherited from
a parent with the deletion). Interestingly, in
familial cases the deletion is more likely to be
inherited from the mother [112]. A common
deletion occurs in 85 % of individuals, although
smaller and larger atypical deletions can occur.
Unbalanced translocations in which the 22q11.2
critical region is absent can also manifest typical
features of the syndrome. There is no clear
genotype-phenotype relationship recognized
currently. One cannot predict based on the
presence or size of the deletion, and exact
breakpoints, whether an affected person
will be more or less severely affected. There is
some evidence that intellectual disability may
be more significant in familial cases, but the
reasons for this are not clear and may reflect
both environmental causes and ascertainment
biases. There is no evidence of anticipation; an
affected parent is not at increased risk of having
a child more significant cardiovascular or other
organ system manifestations.

The mechanism by which loss of one copy of
the 22q11.2 region results in malformation of the
heart is currently under active investigation. There
are over 20 genes known in the typical DiGeorge
chromosome region (DGCR), but the transcription
factor TBX] may be primarily involved in cardiac
development [113, 114]. Absence of one or both
copies of TBX1 in a genetically modified mouse
recapitulates cardiac features of 22q deletion
syndrome, with abnormal development of the
pharyngeal arches, and abnormal septation of
outflow tracts in the heart. Subsequent to the
discovery of an important role for TBX1 in car-
diac development, mutations in the TBXI gene
were identified in some patients that had
a DiGeorge phenotype with conotruncal heart
defects, and no detectable 22ql11.2 deletion
[115]. Nonetheless, it is likely that modifier
genes or variation in downstream targets of
TBX1 lead to variability among individuals
with the 22ql11.2 deletion or with isolated
TBXI mutations. It is also likely that the 22q
deletion affects other genes involved in embryo-
genesis and heart development, as patients with
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Fig. 3.4 Boy with 22q
deletion syndrome. Notable
features include hooding of
the eyelids and bulbous
nasal tip with hypoplastic
ala nasi (Photographs
courtesy of family)

more terminal deletions that do not include
TBX1I can also have complex conotruncal heart
defects [116].

Physical and Medical Features

Physical characteristics among individuals with
the 22q11.2 deletion can be variable, but distinc-
tive facial characteristics are detectable in most
and include hooding of the eyelids, a bulbous
nasal tip with underdeveloped ala nasi, and thick-
ening of the helices of the ears [109] (Fig. 3.4).
These features may be more easily recognized in
Caucasians compared to individuals of other
races. Fingers and toes can be long and tapered
in appearance. The other classic findings include
congenital heart disease in 75-80 %, palate
anomalies in 70 % (cleft or submucuos cleft,
velopharyngeal insufficiency), intellectual
disability (70-90 %), and immune deficiency
(77 %) [111, 117, 118]. Other common features
include hypocalcemia (50 %); feeding difficulties
(30 %); hearing impairment (sensory and
conductive, ~30 %); renal abnormalities
(37 %); abnormalities of the upper airway, esoph-
agus (including tracheoesophageal fistula), and
lower  gastrointestinal tract (including
malrotation and abnormal motility); cervical
spine anomalies (atlantoaxial instability); growth
hormone deficiency; and central nervous system
abnormalities and seizures (unrelated to hypocal-
cemia). Because of the immune dysregulation in
the 22q11.2 deletion syndrome, neonates and

infants who require surgery and need a blood
transfusion are at increased risk for graft-versus-
host disease, and all blood should be irradiated to
kill living white blood cells.

CHD in 22q11.2 Deletion Syndrome

In the current era, the association between
conotruncal heart malformations and 22ql11.2
deletion is well recognized in the field of pediat-
The 22ql1.2 deletion accounts for
a significant percentage of all conotruncal defects
diagnosed in children, with 50-60 % of all
children with interrupted aortic arch (almost all
type B) carrying this deletion [119, 120]. Other
conotruncal defects are similarly largely the
result of the 22q syndrome, with 35 % of truncus
arteriosus, one third of posterior misalignments
VSD, 25 % of VSD/coarctation, 16 % of tetralogy
of Fallot, and 5 % of all double-outlet right ven-
tricle diagnoses deleted for the 22q11.2 region.
Up to 25 % of individuals with isolated arch
anomalies will have a 22q11.2 deletion [121].
Presentation with any conotruncal heart anomaly
or arch anomaly is indication enough to strongly
consider testing for 22ql1.2 deletion. When
a conotruncal heart anomaly is found with other
vascular abnormalities, including right-sided aor-
tic arch, abnormal branching of peripheral arter-
ies, and pulmonary valve or pulmonary artery
atresia, the likelihood of diagnosing the 22q
deletion is further increased [122]. Several
population-based and national registry studies

rics.
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validate earlier appraisals of the frequency of 22q
deletion in patients with CHDs, although they are
still likely underestimates, as they do not reflect
universal genetic screening [111, 119, 122, 123].
These larger studies estimate that 10 % of infants
with conotruncal defects and approximately 2 %
of patients with CHD (all types) carry the
22q11.2 deletion.

Given the prevalence of this microdeletion
syndrome in the population and the frequency in
which it is found in conotruncal heart defects, it is
not surprising that a large majority (~80 %) of
patients with 22q deletion have some form of
CHD. Among those with 22q deletion and
CHD, 17-22 % have tetralogy of Fallot,
10-15 % have pulmonary atresia/ventricular sep-
tal defect (VSD), 15 % have interrupted aortic
arch (typically type B, but type A has also been
seen), ~15 % have VSD, 7-9 % have truncus
arteriosus, 4 % have VSD/atrial septal defect
(ASD), a few percent have isolated ASD, and
a few percent will have pulmonary stenosis
[109, 111, 118]. Other complex lesions have
been reported including hypoplastic left heart
syndrome, transposition of the great arteries,
double-outlet right ventricle/interrupted aortic
arch, and heterotaxy/atrioventricular canal/
interrupted aortic arch, but these are all relatively
rare. Up to 50 % will have some type of vascular
abnormality, including right-sided aortic arch,
mirror image head and neck vessels, vascular
ring, aberrant origin of the subclavian artery,
and left superior vena cava.

Outcomes

CHD is the major cause of morbidity and mortal-
ity in the 22q deletion syndrome, with over 85 %
of deaths attributed to CHD, and a majority of
occurring in the first 6 months of life [118]. Over-
all the mortality rate for infants has been esti-
mated at 8 %. Several groups have looked at
postoperative  outcomes in patients with
conotruncal defects and have found that overall
mortality and complication rates are higher in
patients with the 22q deletion syndrome com-
pared to other syndromic and nonsyndromic
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patients with similar cardiac lesions [47,
124-127]. Specifically, 22ql11.2 deletion has
been identified as a risk factor for immediate
postoperative mortality in pulmonary atresia/
ventricular  septal  defect with  major
aortopulmonary collaterals and in interrupted
aortic arch repairs. Some surgical outcome stud-
ies have indicated that children with 22q deletion
syndrome require surgery at a younger age and
more frequently show signs of heart and respira-
tory failure as well as pulmonary vascular dis-
ease. Increased rates of sepsis, pneumonia,
postoperative stridor, and hypocalcemia, with
prolonged intubation times and longer hospitali-
zations were seen in some series. However, other
groups have not shown statistically significant
differences in age, weight, length of mechanical
ventilation, or overall mortality between surgical
patients with 22q and patients with similar
cardiac defects [128]. Multiple factors are
likely to contribute to higher postsurgical
morbidity and possibly mortality in patients
with 22q deletion syndrome, including certain
types and complexity of cardiac anatomy,
airway and parenchymal lung disease, and
immunodeficiency.

Morbidity and mortality in infants and young
children with 22q deletion primarily associated
with CHD are recognized, but given that individ-
uals without CHD may escape detection, the
overall life expectancy is not truly known. Over-
all survival in individuals with 22q deletion may
be shorter than the general population based on
one cohort study to date, which showed increased
mortality rate (11.8 %) in individuals with the
deletion compared to their unaffected siblings
[129]. No common cause of death was evident
in this series, but sudden cardiac death was
reported in 50 % of deaths and occurred in indi-
viduals with and without any underlying CHD.
Other factors that may contribute to longevity
include a very high rate of neuropsychiatric dis-
ease in adults with 22q deletion. The median age
of death in this cohort was 42 years overall,
47 years for those with no significant CHD. Over-
all life expectancy may be significantly reduced
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in this population, but further natural history
studies are needed.

A complete updated review of the 22ql11.2
deletion syndrome can be found in NCBI
GeneReviews™ [109] (http://www.ncbi.nlm.
nih.gov/books/NBK3823).

Williams Syndrome: Williams-Beuren
Syndrome, 7q11.23 Deletion

Epidemiology and Genetics

Williams syndrome is one of the most common
contiguous gene deletion syndromes with
a prevalence of 1 in 7,500 [130]. A New Zealand
physician, J. C. P. Williams, first described the
association between super-valvar aortic stenosis
(SVAS) and “mental deficiency” in four patients
in 1961 [131]. Three more patients with the same
cardiovascular findings, developmental differ-
ences, and characteristic facial features were
reported a year later by the German physician
A. J. Beuren [132]. What became known as the
“Williams-Beuren” syndrome was subsequently
defined as a loss of 1.55 megabases of a critical
region (WBSCR) on chromosome 7q11.23, iden-
tified in 99 % of affected individuals [133-135].
The WBSCR contains at least 25 genes and
includes the elastin gene (ELN), which is known
to be responsible for the cardiovascular pheno-
type in this group of patients [136]. Williams
syndrome typically occurs de novo, although
familial cases have been reported; the inheritance
is autosomal dominant. Males and females are
equally affected, and the deletion is equally likely
to be of maternal or paternal origin. Atypical
deletions do occur, and there are genotype-
phenotype correlations that have helped investi-
gators to better understand how individual genes
in the WBSCR contribute to the clinical presen-
tation [137]. Larger deletions (2—4 megabases)
are typically associated with a more severe phe-
notype notable for more significant intellectual
disability. Smaller deletions have also been
described that contain the ELN gene with the
vascular phenotype and a characteristic cognitive

phenotype with minimal intellectual disability.
The primary role for elastin in the arteriopathy
associated with Williams syndrome is further
evidenced by the finding that dominant familial
nonsyndromic SVAS can occur due to mutations
in one copy of the ELN gene [138, 139]. Testing
for ELN mutations should be considered in all
cases of familial or sporadic SVAS. ELN gene
alterations have been found in roughly a third of
cases of isolated, nonsyndromic SVAS, and test-
ing sensitivity is likely to increase over time [ 140,
141]. There is incomplete penetrance and vari-
able expressivity of elastin gene defects, leading
to some family members with severe SVAS,
while others who carry the same gene change
can have no or minor vascular manifestations.

Physical and Medical Features

Clinical diagnostic criteria have been established
for Williams syndrome by the AAP Committee
on Genetics, and excellent reviews of the disorder
have been written by Drs. Colleen Morris and
Barbara Pober [136, 137]. The diagnostic criteria
employ a scoring system based on the presence of
growth features, behavioral traits, facial
dysmorphisms, calcium abnormalities, and car-
diovascular features. Although the facial features
and developmental/behavioral characteristics
become more distinctive with age, a diagnosis
of Williams syndrome can easily be made clini-
cally and should always be considered in an
infant with SVAS. Associated findings in the
infant can include hypercalcemia, with subtle
facial features including periorbital fullness,
a short nose with a broad tip, full checks and
full lips, and a long philtrum. In children with
blue or green eyes, a starburst or “stellate” pattern
of the iris can be noted. With age these and other
features become more notable, with wide mouth,
hypodontia, and what some describe as an “elfin”
appearance.

Cardiovascular findings are the most common
medical complications in Williams syndrome,
seen in 80 % of infants and children [142]. Failure
to thrive is present in 70 % of infants during the
first year of life, attributed to poor feeding, while
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Fig. 3.5 Angiogram of the aorta in a child with Williams
syndrome. From left to right, inferior to superior, arrows
indicate the aortic annulus, area of severe super-valvar
aortic stenosis, and area of mild coarctation

obesity becomes common in older children and
adults (30 %). Central hypotonia is present in
80 %, with hyperactive deep tendon reflexes and
peripheral hypertonia in 75 % and 50 %, respec-
tively. Idiopathic hypercalcemia is identified in
15 % of infants and typically resolves by child-
hood but can contribute to irritability, poor feed-
ing, and constipation in the infant. Joint and
integumentary involvement is also common,
with soft lax skin and joint hypermobility present
in 90 %, although 50 % will also have contrac-
tures. Inguinal and umbilical hernias occur in
40-50 % and rectal prolapse in 5 %. Half of
children have ocular and visual abnormalities
(esotropia, hyperopia), and half will have chronic
otitis media. Other less common findings include
structure abnormalities of the genitourinary tract
(20 %), recurrent urinary tract infections (30 %),
and Chiari I malformation (10 %). Other
endocrinopathies occur and include hypothyroid-
ism, early puberty, and short stature. Intellectual
disability is present in 95 % and is moderate to
severe in 75 %, mild in 20 %. Behavioral pheno-
types have been well documented, with 80 %
being diagnosed with generalized anxiety

disorder and 70 % with attention-deficit hyperac-
tivity disorder.

CHD in Williams Syndrome

Arteriopathy is identified in 80 % of all patients
with Williams syndrome, with an even higher
percentage of those diagnosed in the first year of
life having cardiovascular involvement (96 %)
[143]. SVAS is the most common finding, in
45-60 % of individuals, while valvar and
supravalvar pulmonary stenosis (SVPS) is seen
in 40-45 % [134, 144-146] (Fig. 3.5). Peripheral
pulmonic stenosis (PPS) is also very common,
seen in 50-60 % of infants with Williams syn-
drome, but often improves with age. Combined
left and right obstructive lesions are seen in
20-35 % of patients. In general, pulmonary artery
stenosis improves, whereas SVAS can worsen
over time. Other vascular stenoses also occur
and include renal artery in 1045 %, the thoracic
aorta in ~15 %, coronary anomalies in 6—10 %,
and other arterial stenoses in 20 % [144, 147].
SVAS is mild in the majority of patients (64 %),
with 12 % having moderate and 25 % severe
narrowing. The percentages for PPS are similar
with 62 % classified as mild, 16 % moderate, and
22 % severe. When coarctation of the aorta or
SVPS is present, roughly 50 % will be mild, 25 %
moderate, and 25 % severe. Stenosis of the tho-
racic aorta in Williams syndrome is more often
long segment, but discreet narrowings and coarc-
tation of the aorta do occur. In patients with
thoracic aorta stenosis, 50 % have mild
narrowing, and roughly 25 % moderate, and
25 % severe involvement. Intracardiac disease
can be seen in Williams syndrome but is less
common with ventricular septal defects, aortic
valve and mitral valve abnormalities each being
seen in up to 10 % of all patients, and atrial septal
defect in 5 % [148]. Percentages for each of these
anomalies increase to 20 % in those diagnosed as
infants. Rare complex heart defects, including
tetralogy of Fallot, have been reported. Hyperten-
sion is very common, occurring in 50 %, and can
be related to renal artery stenosis in some cases,
but will occur in the absence of identifiable vas-
cular disease, and has been linked to a gene in the
WBSCR, NCF1 [149]. Hypertension develops
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with age and is seen in 50 % of individuals,
necessitating screening in children and adults
regardless of known vascular disease.

Outcomes

Outcomes in the prognosis for patients with
Williams syndrome are largely dependent on the
presence and severity of cardiovascular disease
[150]. A few large cohorts have provided natural
history data that describe the frequency and types
of cardiovascular interventions for which chil-
dren with Williams syndrome have required.
Pham et al. and Collins et al. recently reported
on large cohorts of Williams syndrome patients
(each greater than 240) from the Pediatric Car-
diac Care Consortium and the Children’s Hospi-
tal of Philadelphia, respectively [143, 151]. The
Philadelphia study found that 21 % of Williams
syndrome patients required surgery or interven-
tion. Freedom from intervention was 91 %, 81 %,
78 %,72 %, and 62 % at 1, 5, 10, 20, and 40 years,
respectively. Gender was not identified as a risk
factor in these series. These data indicate that of
patients with SVAS, approximately 25 % will
require surgical intervention, and these patients
typically fall in the severe category. Of the sur-
geries performed in Williams syndrome,
50-80 % are for SVAS or combined outflow
obstruction and just over 25 % of all patients
with SVAS required intervention. Most patients
in the mild and moderate categories of SVAS do
not require intervention, and a significant portion
(16 %) show spontaneous improvement with
time. Conversely some SVAS progresses in
severity (9 %), and if intervention is needed, it
is usually necessary within the first 5 years of life.
High rates of PPS are detected in infants, with
intervention required in 80 % of severe, 50 % of
moderate, and over 20 % of mild cases. A major-
ity of catheter-based intervention in Williams
syndrome is to treat PPS, and repeat catheteriza-
tions are more common in patients with this
lesion. Intervention for stenosis of the thoracic
aorta has been required in less than 5 % of
patients when narrowing was considered to be
severe by echocardiogram indices, with 2/3
undergoing a surgical repair, and 1/3 an interven-
tional approach [152].

Overall mortality in these studies was low and
primarily attributed to cases with combined SVAS
and SVPS, where baseline mortality is approxi-
mately 5 %, and surgical mortality as high as
20-35 %. Several cases of sudden cardiac death
have also been described, associated with other
causes including coronary ostial stenosis, pulmo-
nary hypertension, ventricular arrhythmia, and
anesthesia [153]. Life expectancy in Williams syn-
drome has not been well studied to date, but indi-
viduals are known to live into their 60s.

A complete updated review of Williams
syndrome can be found in NCBI GeneReviews ™
[155] (http://www.ncbi.nlm.nih.gov/books/NBK
1249).

Genetic Testing for Chromosome
Syndromes, Microdeletion
and Duplication Syndromes

Only brief mention will be made about common
types of genetic tests currently in use for diag-
nosis of chromosomal abnormalities since the
preferred types of testing, and associated costs
are rapidly evolving. High-resolution chromo-
some analysis is useful in the diagnosis of aneu-
ploidy, i.e., trisomies and monosomies; it can
detect mosaicism and is necessary for diagnosis
of suspected balanced and unbalanced translo-
cations. Fluorescent in situ hybridization (FISH)
is a fast and accurate method for diagnosis of
specific trisomies and common microdeletions
such as 22ql11.2 and the Williams syndrome
deletion. Although this technique is no longer
cutting edge, it is extremely useful due of the
speed with which results can be obtained and
relatively low cost. Array-based technologies
(types include BAC, oligonucleotide, and SNP)
are, at present, the preferred modality for the
diagnosis of all types of aneuploidy, mosaicism,
and deletions and duplications. These high-
resolution chromosome analyses cover nearly
all of the genome to detect missing or extra
segments of material (referred to as copy num-
ber variants or CN'Vs). These approaches permit
diagnosis of more common, very rare, and very
small pathologic deletions in the genome.
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It allows more precise location of chromosome
break points and mapping of absent or extra
genetic material. However, it is not uncommon
for “variants of unknown significance” to be
detected, which may be unrelated to the cardio-
vascular phenotype and can be confusing to cli-
nicians and families. Array-based testing is
more expensive and typically requires several
weeks for results and interpretation.

Choosing the correct type of genetic test has
become increasingly complex for the general and
subspecialty practitioner, even for more com-
monly recognized syndromes. Turnaround
times, expense, and interpretation of unexpected
results are important considerations and appro-
priate reasons to consult a clinical geneticist or
genetic counselor working in a cardiology prac-
tice before ordering tests. In some cases it is
important to collect blood samples before
a surgical procedure in order for genetic testing
to be initiated before possible blood transfusion,
which can introduce donor genetic material that
could interfere with accurate test results. It is
also important to consider the impact that a test
will have on a family, the medical team, and
surgical team, before and after the birth of an
infant. When and if a diagnosis will influence
management decisions, it is very important to
expedite testing. The importance of including
the family in the decisions about genetic testing
cannot be overemphasized. Genetics profes-
sionals are critical team members; their role in
education of families and cardiology practi-
tioners can assist in decision making that best
serves the affected child and facilitates ethical
practice.
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Abstract

Important advances have been made in the science of outcome analysis and
quality improvement for the treatment of patients with pediatric and congen-
ital heart disease. These advances have been made in seven domains: nomen-
clature, database standardization, complexity adjustment, data verification,
subspecialty collaboration, longitudinal follow-up, and quality improvement.
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Introduction

In order to perform meaningful multi-
institutional outcome analyses and quality
improvement, any database must incorporate the
following seven essential elements [1—4]:
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. Use of acommon language and nomenclature [5]
. Use of a database with an established uniform

core dataset for collection of information [6—10]

. Incorporation of a mechanism of evaluating

case complexity [11-19]

. Availability of a mechanism to assure and

verify the completeness and accuracy of the
data collected [20]

. Collaboration between medical and surgical

subspecialties [21-24]

. Standardization of protocols for life-long

follow-up [25-28]

. Incorporation of strategies for quality

assessment and quality improvement [29-32]
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Nomenclature

Substantial effort has been devoted to the stan-

dardization of nomenclature and definitions

related to surgery for pediatric and congenital
cardiac disease. During the 1990s, both the Euro-
pean Association for Cardio-Thoracic Surgery

(EACTS) and the Society of Thoracic Surgeons

(STS) created databases to assess the outcomes of

congenital cardiac surgery. Beginning in 1998,

these two organizations collaborated to create the

International Congenital Heart Surgery Nomen-

clature and Database Project. By 2000, a common

nomenclature and a common core minimal
dataset were adopted by EACTS and STS and

published in the Annals of Thoracic Surgery [5].

In 2000, The International Nomenclature Com-

mittee for Pediatric and Congenital Heart Disease

was established. This committee eventually
evolved into the International Society for

Nomenclature of Paediatric and Congenital

Heart Disease (ISNPCHD). By 2005, members

of the ISNPCHD cross mapped the nomenclature

of the International Congenital Heart Surgery

Nomenclature and Database Project of the

EACTS and STS with the European Paediatric

Cardiac Code (EPCC) of the Association for

European Paediatric Cardiology (AEPC) and

therefore created the International Paediatric

and Congenital Cardiac Code (IPCCC) [4],

which is available for free download from the

internet at [http://www.IPCCC.NET].

Most international databases of patients with
pediatric and congenital cardiac disease use the
IPCCC as their foundation. Two versions of the
IPCCC are used in the overwhelming majority of
multi-institutional databases throughout the
world:

1. The version of the IPCCC derived from the
nomenclature of the International Congenital
Heart Surgery Nomenclature and Database
Project of the EACTS and the STS

2. The version of the IPCCC derived from the
nomenclature of the EPCC of the AEPC
These two versions of the IPCCC are also

often referred to with the following abbreviated

short names:

J.P. Jacobs

1. EACTS-STS-derived version of the IPCCC
2. AEPC-derived version of the IPCCC

The STS Congenital Heart Surgery Database
and the EACTS Congenital Heart Surgery Data-
base use the EACTS—STS-derived version of the
IPCCC.

This common nomenclature, the
EACTS-STS-derived version of the IPCCC
[2, 4, 5], and the common minimum database
dataset created by the International Congenital
Heart Surgery Nomenclature and Database
Project [1] are now utilized by the STS Congen-
ital Heart Surgery Database, the EACTS Congen-
ital Heart Surgery Database, and the Japan
Congenital Cardiovascular Surgery Database
(JCCVSD). Between 1998 and January 1, 2012,
inclusive, this nomenclature and database were
used by STS and EACTS to analyze outcomes of
339,002 operations.

Database

The STS Congenital Heart Surgery Database is
the largest database in North America dealing
with congenital cardiac malformations [6, 7].
It has grown annually since its inception, in
terms of both the number of participating centers
submitting data and the number of operations
analyzed (Figs. 4.1, 4.2, and 4.3). As of March
1, 2012, the STS Congenital Heart
Surgery Database currently has 103 participating
centers: 100 out of an estimated 125 centers from
the United States of America that perform pedi-
atric and congenital heart surgery and 3 out of
8 centers from Canada that perform pediatric and
congenital heart surgery [33, 34]. The Report of
the 2005 STS Congenital Heart Surgery Practice
and Manpower Survey, undertaken by the STS
Workforce on Congenital Heart Surgery,
documented that 122 centers in the United States
of America perform pediatric and congenital
heart surgery and 8 centers in Canada perform
pediatric and congenital heart surgery [33].
The Report of the 2010 STS Congenital Heart
Surgery Practice and Manpower Survey, under-
taken by the STS Workforce on Congenital Heart
Surgery, documented that 125 centers in the
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Fig. 4.1 The graph
documents the annual
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Fig. 4.2 The graph documents the annual growth of the
STS Congenital Heart Surgery Database by the number of
operations per averaged 4-year data collection cycle. The
aggregate report from the Fall 2011 Harvest of the STS
Congenital Heart Surgery Database [8] includes 114,041

United States of America perform pediatric and
congenital heart surgery and 8 centers in Canada
perform pediatric and congenital heart surgery
[34]. As of July 2012, the number of cumulative
total operations in the STS Congenital Heart Sur-
gery Database is 213,416 [8]. In collaboration
with  EACTS, the STS has developed

37093

45635 | 61014 |72002 |91639 ]103664 114041

operations performed in the 4-year period of July 1, 2007,
to June 30, 2011, inclusive, submitted from 101 centers in
North America, 100 in the United States of America, and 1
in Canada. Operations per averaged 4-year data collection
cycle

standardized methodology for tracking mortality
and morbidity associated with the treatment of
patients with congenital and pediatric cardiac
disease [9, 10].

The EACTS Congenital Heart Surgery
Database is the largest database in Europe
dealing with congenital cardiac malformations
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Growth in the STS Congenital Heart Surgery Database
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Fig. 4.3 The graph documents the annual growth of the
STS Congenital Heart Surgery Database by the cumula-
tive number of operations over time. The current number
of cumulative total operations in the STS Congenital
Heart Surgery Database is 213,416. The aggregate report
from the Fall 2011 Harvest of the STS Congenital Heart

(Fig. 4.4) [5, 6]. By January 2012, the EACTS
Congenital Heart Surgery Database contained
125,606 operations performed in 105,004
patients. As of January 2012, the EACTS Con-
genital Heart Surgery Database has 390 regis-
tered centers from 69 countries, with 161 active
centers from 41 countries submitting data.

The JCCVSD has recently been
operationalized based on identical nomenclature
and database standards as that used by EACTS
and STS [6]. The JCCVSD began enrolling
patients in 2008. By November 2011, 82 hospi-
tals were submitting data, 20 more were ready to
start submitting data, and over 16,000 operations
were entered into the JCCVSD, in just over
3 years of data collection (Fig. 4.5). In Japan, it
is mandatory for specialists to enroll in this
benchmarking project in order to objectively
examine their own performance and make efforts
for continuous improvement. In the future, certi-
fication is to be performed solely on the basis of
empirical data registered by the project. The
developers of the JCCVSD hope to collaborate

Surgery Database [8] includes 114,041 operations
performed in the 4-year period of July 1, 2007, to June
30, 2011, inclusive, submitted from 101 centers in North
America, 100 in the United States of America, and 1 in
Canada. Cumulative operations over time

with their colleagues across Asia to create an
Asian Congenital Heart Surgery Database.

In the United Kingdom, the United Kingdom
Central Cardiac Audit Database (UKCCAD) uses
the AEPC-derived version of the IPCCC as the
basis for its national, comprehensive, validated,
and benchmark-driven audit of all pediatric sur-
gical and transcatheter procedures undertaken
since 2000 [7]. All 13 tertiary centers in the
United Kingdom performing cardiac surgery or
therapeutic cardiac catheterization in children
with congenital cardiac disease submit data to
the UKCCAD. Data about mortality is obtained
from both results volunteered from the hospital
databases and by independently validated records
of deaths obtained by the Office for National
Statistics, using the patient’s unique National
Health Service number, or the general register
offices of Scotland and Northern Ireland. Efforts
are underway to link the UKCCAD to the EACTS
Congenital Heart Surgery Database. Linkage of
the UKCCAD to the EACTS Congenital Heart
Surgery Database will require use of the cross
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Fig. 4.4 The graph documents the annual growth in the
European Association for Cardio-Thoracic Surgery Con-
genital Database by both number of patients and number
of operations. As of January 2012, the EACTS Congenital
Heart Surgery Database contained 125,606 operations
performed in 105,004 patients. In January 2012, the
EACTS Congenital Heart Surgery Database has 390
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centers from 69 countries registered, with 161 active cen-
ters from 41 countries submitting data. This graph is
provided courtesy of Bohdan Maruszewski of the Chil-
dren’s Memorial Health Institute in Warsaw, Poland,
Director of the European Association for Cardio-Thoracic
Surgery Congenital Database, and President of the Euro-
pean Congenital Heart Surgeons Association (ECHSA)
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Fig. 4.5 The graph documents the initial growth of the
Japan Congenital Cardiovascular Surgery Database
(JCCVSD). The JCCVSD has recently been
operationalized based on identical nomenclature and data-
base standards as that used by EACTS and STS. The
JCCVSD began enrolling patients in 2008. By November
2011, 82 hospitals were submitting data, 20 more were

ready to start submitting data, and over 16,000 operations
were entered into the JCCVSD, in just over 3 years of data
collection. The developers of the JCCVSD hope to
collaborate with their colleagues across Asia to create an
Asian Congenital Heart Surgery Database. This graph is
provided courtesy of Arata Murakami, MD, of the
University of Tokyo in Tokyo, Japan
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map of the AEPC-derived version of the IPCCC
(used by the UKCCAD) to the EACTS-STS-
derived version of the IPCCC (used by the
EACTS, STS, and JCCVSD).

As of January 2102, the STS Congenital Heart
Surgery Database contains data about 213,416
operations, and the EACTS Congenital Heart
Surgery Database contains data about 125,606
operations. Therefore, the combined dataset of
the STS Congenital Heart Surgery Database and
the EACTS Congenital Heart Surgery Database
contains data about 339,002 operations, all coded
with the EACTS-STS-derived version of the
IPCCC [2, 3, 5] and all coded with identical
data specifications [1].

Complexity Stratification

The importance of measurement of complexity
derives from the fact that analysis of outcomes
using raw measurements of mortality, without
adjustment for complexity, is inadequate. The
mix of cases can vary greatly from program
to program. Without stratification of complex-
ity, the analysis of outcomes will be flawed
[11-19].

The analysis of outcomes after surgery
requires a reliable method of estimating the risk
of adverse events. However, formal risk model-
ing is challenging for rare operations. Complex-
ity stratification provides an alternative
methodology that can facilitate the analysis of
outcomes of rare operations. Complexity stratifi-
cation is a method of analysis in which the data
are divided into relatively homogeneous groups
(called strata). The data are analyzed within each
stratum.

Three major multi-institutional efforts that
have attempted to measure the complexity of
congenital heart surgery operations are the
following:

1. Risk Adjustment in Congenital Heart Surgery-1

methodology (RACHS-1) [11, 18]

2. Aristotle Basic Complexity Score (ABC

Score) [11, 13-17]
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3. STS-EACTS Congenital Heart Surgery
Mortality Categories (STS—EACTS Mortality
Categories) (STAT Score) [12]

RACHS-1 and the ABC Score were developed
at a time when limited multi-institutional clinical
data were available and were therefore based
in a large part on subjective probability
(expert opinion). The STAT Categories are a tool
for complexity stratification that was developed
from an analysis of 77,294 operations entered into
the EACTS Congenital Heart Surgery Database
(33,360 operations) and the STS Congenital Heart
Surgery Database (43,934 patients) between 2002
and 2007. Procedure-specific mortality rate esti-
mates were calculated using a Bayesian model
that adjusted for small denominators. Operations
were sorted by increasing risk and grouped into
five categories (the STS-EACTS Congenital
Heart Surgery Mortality Categories) that were
designed to be optimal with respect to minimizing
within-category ~ variation and maximizing
between-category variation.

Table 4.1 compares RACHS-1, the ABC
Score, and the STS-EACTS Mortality Catego-
ries. Table 4.2 shows the application in the STS
Congenital Heart Surgery Database of the STAT
Congenital Heart Surgery Mortality Categories
[30]. STS has transitioned from the primary use
of Aristotle and RACHS-1 to the primary use of
the STAT Categories because of three reasons:
1. STAT Score was developed primarily based

on objective data while RACHS-1 and

Aristotle were developed primarily on expert

opinion (subjective probability).

2. STAT Score allows for classification of more
operations than RACHS-1 or Aristotle.

3. STAT Score has a higher c-statistic than
RACHS-1 or Aristotle.

Data Verification

Collaborative efforts involving EACTS and STS
aim to enhance mechanisms to verify the com-
pleteness and accuracy of the data in the data-
bases [1, 20]. A combination of three strategies
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Table 4.1 Table 4.1 shows the results of comparing the
STS-EACTS Categories (2009) to the RACHS-1
Categories and the Aristotle Basic Complexity Score
using an independent validation sample of 27,700 opera-
tions performed in 2007 and 2008. In the subset of pro-
cedures for which STS-EACTS Category, RACHS-1
Category, and Aristotle Basic Complexity Score are
defined, discrimination was highest for the STS-EACTS
Categories (C-index = 0.778), followed by RACHS-1
Categories (C-index = 0.745), and Aristotle Basic Com-
plexity Scores (C-index = 0.687)

Percent of

Model operations
Method of without Model with that can be
modeling patient patient classified
procedures covariates covariates (%)
STS-EACTS C=0.778 C=0.812 99
Congenital Heart
Surgery Mortality
Categories (2009)
RACHS-1 C=0.745 C=0.802 86
Categories
Aristotle Basic C=0.687 C=0.795 94
Complexity
Score

Table 4.2 Table 4.2 shows the discharge mortality in an
analysis of patients in the STS Congenital Heart Surgery
Database who underwent surgery between January 1, 2005,
and December 31, 2009, inclusive [30], stratified by
STS-EACTS Congenital Heart Surgery Mortality Categories

Total number Discharge
of operations mortality (%)

STS-EACTS Category 1 15,441 0.55
STS-EACTS Category 2 17,994 1.7
STS-EACTS Category 3 8,989 2.6
STS-EACTS Category 4 13,375 8.0
STS-EACTS Category 5 2,707 18.4

may ultimately be required to allow for optimal

verification of data:

1. Intrinsic data verification (designed to rectify
inconsistencies of data and missing elements
of data)

2. Site visits with “Source Data Verification” (in
other words, verification of the data at the
primary source of the data)
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3. External verification of the data from indepen-
dent databases or registries (such as govern-
mental death registries)

Subspecialty Collaboration

Under the leadership of the Multi-Societal Data-
base Committee for Pediatric and Congenital
Heart Disease [2, 3], further collaborative efforts
are ongoing between congenital and pediatric
cardiac surgeons and other subspecialties
including:
1. Pediatric cardiac anesthesiologists, via the
Congenital Cardiac Anesthesia Society
2. Pediatric cardiac intensivists, via the Pediatric
Cardiac Intensive Care Society
3. Pediatric cardiologists, via the Joint Council
on Congenital Heart Disease, the American
College of Cardiology, and the Association
for European Paediatric Cardiology
Strategies have been developed to link
together databases [21-24]. By linking together
different databases, one can capitalize on the
strengths and mitigate some of the weaknesses
of these databases and therefore allow analyses
not possible with either dataset alone. Linked
databases have facilitated both comparative
effectiveness research [23, 24] and longitudinal
follow-up [27, 28]. Under the leadership of the
Multi-Societal Database Committee for Pediatric
and Congenital Heart Disease [2, 3], further col-
laborative efforts are ongoing between congenital
and pediatric cardiac surgeons and other
subspecialties.

Longitudinal Follow-Up

The transformation of the STS Database to
a platform for longitudinal follow-up will ulti-
mately result in higher quality of care for all
cardiothoracic surgical patients by facilitating
longitudinal comparative effectiveness research
on a national level [25-28]. Several potential
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strategies will allow longitudinal follow-up with

the STS Database, including the development of

clinical longitudinal follow-up modules with the

STS Database and linking the STS Database to

other clinical registries, administrative databases,

and national death registries:

1. Using probabilistic matching, the STS Data-
base can be linked to administrative claims
databases (such as the CMS Medicare Data-
base [27] and the Pediatric Health Information
System (PHIS) database [22-24]) and become
a valuable source of information about
long-term mortality, rates of rehospitalization,
long-term morbidity, and cost.

2. Using deterministic matching with shared
unique identifiers, the STS Database can be
linked to national death registries like the
Social Security Death Master File (SSDMF)
and the National Death Index (NDI) in order to
verify life-status over time [28].

3. Through either probabilistic matching or
deterministic matching [12], the STS Data-
base can link to multiple other clinical regis-
tries, such as the National Cardiovascular Data
Registry (NCDR) of the American College of
Cardiology (ACC), in order to provide
enhanced clinical follow-up.

4. The STS Database can develop clinical
longitudinal follow-up modules of its own to
provide detailed clinical follow-up [21, 25,
26, 28].

Quality Assessment and Quality
Improvement

The STS Database is increasingly used to docu-
ment variation in outcomes [29, 30] and measure
quality [31, 32]; STS has collaborated with the
Congenital Heart Surgeons’ Society to develop
and endorse metrics to assess the quality of care
delivered to patients with pediatric and congeni-
tal cardiac disease [34]. Tables 4.3, 4.4, and 4.5
present 21 “quality measures for congenital and
pediatric cardiac surgery” that were developed
and approved by the Society of Thoracic Sur-
geons (STS) and endorsed by the Congenital
Heart Surgeons’ Society (CHSS). These quality
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Table 4.3 Quality measures for congenital and pediatric
cardiac surgery

1. Participation in a National Database for Pediatric
and Congenital Heart Surgery

2. Multidisciplinary rounds involving multiple
members of the healthcare team

3. Availability of institutional pediatric ECLS
(Extracorporeal Life Support) Program

4.  Surgical volume for pediatric and congenital heart
surgery: total programmatic volume and
programmatic volume stratified by the five
STS-EACTS Mortality Categories

5. Surgical volume for eight pediatric and congenital
heart benchmark operations

6. Multidisciplinary preoperative planning conference
to plan pediatric and congenital heart surgery operations

7.  Regularly scheduled Quality Assurance and
Quality Improvement Cardiac Care Conference,
to occur no less frequently than once every 2 months

8. Availability of intraoperative transesophageal
echocardiography (TEE) and epicardial
echocardiography

9. Timing of antibiotic administration for pediatric
and congenital cardiac surgery patients

10. Selection of appropriate prophylactic antibiotics
and weight-appropriate dosage for pediatric and
congenital cardiac surgery patients

11. Use of an expanded preprocedural and
postprocedural “time-out”

12. Occurrence of new postoperative renal failure
requiring dialysis

13. Occurrence of new postoperative neurological
deficit persisting at discharge

14. Occurrence of arrhythmia necessitating permanent
pacemaker insertion

15. Occurrence of paralyzed diaphragm (possible
phrenic nerve injury)

16. Occurrence of need for postoperative mechanical
circulatory support (IABP, VAD, ECMO, or CPS)

17. Occurrence of unplanned reoperation and/or
interventional cardiovascular catheterization
procedure

18. Operative mortality stratified by the five
STS-EACTS Mortality Levels

19. Operative mortality for eight benchmark operations

20. Index cardiac operations free of mortality and
major complication

21. Operative survivors free of major complication

measures are organized according to
Donabedian’s triad of structure, process, and out-
come [35]. It is hoped that these quality measures
can aid in congenital and pediatric cardiac
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Table 4.4 Definitions of quality measures for congenital and pediatric cardiac surgery

Definitions of Quality Measures for Congenital and Pediatric Cardiac Surgery

Eight Pediatric and
Congenital Heart
Benchmark
Operations

Number | Type Title of Indicator Description

1 S-1 Structure | Participation in a Participation in at least one multi-center, standardized data collection and feedback
National Database | program that provides regularly scheduled reports of the individual center’s data
for Pediatric and relative to national multicenter aggregates and uses process and outcome measures.
Congenital Heart
Surgery

2 S-2 Structure | Multidisciplinary Occurrence of daily multidisciplinary rounds on pediatric and congenital cardiac
rounds involving surgery patients involving multiple members of the healthcare team, with
multiple members recommended participation including but not limited to: cardiac surgery, cardiology,
of the healthcare critical care, primary caregiver, family, nurses, pharmacist and respiratory therapist.
team Involvement of the family is encouraged.

3 S-3 Structure | Availability of Availability of an institutional pediatric Extracorporeal Life Support (ECLS) Program
Institutional for pediatric and congenital cardiac surgery patients. Measure is satisfied by
Pediatric ECLS availability of ECMO equipment and support staff, but applies as well to Ventricular
(Extracorporeal Life | Assist Devices (including extracorporeal, paracorporeal, and implantable).
Support) Program

4 S-4 Structure | Surgical volume for | Surgical Volume for Pediatric and Congenital Heart Surgery
Pediatric and STS version 2.5: All Index Cardiac Operations (A Cardiac Operation is defined as an
Congenital Heart operation of Operation Type “CPB” or “No CPB Cardiovascular”.)
Surgery: Total STS version 3.0: Same
Programmatic
Volume and Surgical volume for pediatric and congenital heart surgery stratified by the five STS-
Programmatic EACTS Mortality Levels, a multi-institutional validated complexity stratification tool
Volume Stratified
by the Five STS- See J Thorac Cardiovasc Surg 2009;138:1139—-1153. O’Brien et al. An empirically
EACTS Mortality based tool for analyzing mortality associated with congenital heart surgery.
Categories Table 1, pp 1140-1146.

5 S-5 Structure | Surgical Volume for | Surgical Volume for Eight Benchmark Pediatric and Congenital Heart Operations:

These 8 Eight Benchmark Pediatric and Congenital Heart Operations are tracked
when they are the Primary Procedure of an Index Cardiac Operation. (A Cardiac
Operation is defined as an operation of Operation Type “CPB” or “No CPB

Cardiovascular”.)

Procedure
type

Abbreviation

STS-CHSDB Diagnostic and Procedural
Inclusionary and Exclusionary Criteria

1.VSD
Repair

VSD

Procedural Inclusionary Criteria:

100 = VSD repair, Primary closure

110 = “VSD repair, Patch”

120 = VSD repair, Device*

*(Please note that this measure is applicable when
one or more septal occluder devices are implanted in
the course of a surgical operation for which the
Primary Procedure of an Index Cardiac Operation is
VSD repair. [A Cardiac Operation is defined as an
operation of Operation Type “CPB” or “No CPB
Cardiovascular”.] A VSD device that is placed as a
purely transcatheter technique and not as a
component of a cardiac operation is classified as an
Interventional Cardiology Procedure and is not tracked
as part of this measure.)

Diagnostic Inclusionary Criteria:

71 =VSD, Type 1 (Subarterial) (Supracristal) (Conal
septal defect) (Infundibular)

73 = VSD, Type 2 (Perimembranous)
(Paramembranous) (Conoventricular)

75 =VSD, Type 3 (Inlet) (AV canal type)

77 =VSD, Type 4 (Muscular)

79 = VSD, Type: Gerbode type (LV-RA
communication)

Diagnostic Exclusionary Criteria:
80 = VSD, Multiple

2. TOF
Repair

TOF

Procedural Inclusionary Criteria:

350 = “TOF repair, No ventriculotomy”

360 = “TOF repair, Ventriculotomy, Nontransanular
patch”

370 = “TOF repair, Ventriculotomy, Transanular patch”
380 = TOF repair, RV-PA conduit

(continued)
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Table 4.4 (continued)

Definitions of Quality Measures for Congenital and Pediatric Cardiac Surgery

Number

Type

Title of Indicator

Description

Diagnostic Inclusionary Criteria:

290 = TOF

2140 = TOF, Pulmonary stenosis

Diagnostic Exclusionary Criteria

300 = TOF, AVC (AVSD)

310 = TOF, Absent pulmonary valve

320 = Pulmonary atresia

330 = Pulmonary atresia, IVS

340 = Pulmonary atresia, VSD (Including TOF, PA)
350 = Pulmonary atresia, VSD-MAPCA
(pseudotruncus)

360 = MAPCA(s) (major aortopulmonary collateral[s])
(without PA-VSD)

3.
Complete
AV Canal
Repair

AVC

Procedural Inclusionary Criteria

170 = AVC (AVSD) repair, Complete (CAVSD)
Diagnostic Inclusionary Criteria:

100 = AVC (AVSD), Complete (CAVSD)
Diagnostic Exclusionary Criteria:

110 = AVC (AVSD), Intermediate (transitional)
120 = AVC (AVSD), Partial (incomplete) (PAVSD)
(ASD, primum)

300 = TOF, AVC (AVSD)

4. Arterial
Switch

ASO

Procedural Inclusionary Criteria:

1110 = “Arterial switch operation (ASO)”

Procedural Exclusionary Criteria:

1120 = Arterial switch operation (ASO) and VSD repair
1123 = Arterial switch procedure + Aortic arch repair
1125 = Arterial switch procedure and VSD repair +
Aortic arch repair

1050 = Congenitally corrected TGA repair, Atrial
switch and ASO (double switch)

5. Arterial
Switch +
VSD repair

ASO+VSD

Procedural Inclusionary Criteria:

1120 = “Arterial switch operation (ASO) and VSD
repair’

Procedural Exclusionary Criteria:

1110 = Arterial switch operation (ASO)

1123 = Arterial switch procedure + Aortic arch repair
1125 = Arterial switch procedure and VSD repair +
Aortic arch repair

1050 = Congenitally corrected TGA repair, Atrial
switch and ASO (double switch)

6. Fontan

Fontan

Procedural Inclusionary Criteria:

950 = Fontan, Atrio-pulmonary connection

960 = Fontan, Atrio-ventricular connection

970 = “Fontan, TCPC, Lateral tunnel, Fenestrated”
980 = “Fontan, TCPC, Lateral tunnel, Nonfenestrated”
1000 = “Fontan, TCPC, External conduit, Fenestrated”
1010 = “Fontan, TCPC, External conduit,
Nonfenestrated”

1030 = Fontan, Other

2340 = Fontan + Atrioventricular valvuloplasty

Procedural Exclusionary Criteria:
Exclude patients age >7 years
1025 = Fontan revision or conversion (Re-do Fontan)

7. Truncus
Repair

Truncus

Procedural Inclusionary Criteria:

Primary procedure must be:

230 = “Truncus arteriosus repair”

Procedural Exclusionary Criteria:

Exclude any operation if any of the component
procedures is:

240 = Valvuloplasty, Truncal valve

2290 = Valvuloplasty converted to valve replacement
in the same operation, Truncal valve

250 = Valve replacement, Truncal valve

2220 = Truncus + Interrupted aortic arch repair (IAA)
repair

8. Norwood

Norwood

Procedural Inclusionary Criteria:
870 = “Norwood procedure”

(continued)
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Table 4.4 (continued)

Definitions of Quality Measures for Congenital and Pediatric Cardiac Surgery
Number | Type Title of Indicator Description
6 P-1 Process Multidisciplinary Occurrence of a pre-operative multidisciplinary planning conference to plan pediatric
preoperative and congenital heart surgery cases. This conference will involve multiple members of
planning the healthcare team, with recommended participation including but not limited to:
conference to plan | cardiology, cardiac surgery, anesthesia, and critical care.
pediatric and
congenital heart This measure will be coded on a per operation basis. Reporting of compliance will be
surgery operations | as a fraction of all Cardiac Operations. A Cardiac Operation is defined as an
operation of Operation Type “CPB” or “No CPB Cardiovascular’.
7 P-2 Process Regularly Occurrence of a regularly scheduled Quality Assurance and Quality Improvement
Scheduled Quality | Cardiac Care Conference to discuss care provided to patients who have undergone
Assurance and pediatric and congenital cardiac surgery operations, including reporting and
Quality discussion of all major complications and mortalities, and discussion of opportunities
Improvement for improvement.
Cardiac Care
Conference, to Reporting of compliance will be by reporting the date of occurrence. Annual
occur no less compliance of 100 % equals no fewer than six conferences per year.
frequently than
once every two
months
8 P-3 Process Availability of Availability of intraoperative transesophageal echocardiography (TEE) and
intraoperative appropriate physician and sonographer support for pediatric and congenital cardiac
transesophageal operations. Epicardial echocardiography and appropriate physician and sonographer
echocardiography | support should be readily available for those patients in whom TEE is contraindicated
(TEE) and or less informative. Availability means presence and availability of equipment and
epicardial staff.
echocardiography
This measure will be coded on a per operation basis. Reporting of compliance will be
as the fraction of all Cardiac Operations with availability (as opposed to use) of TEE
and/or epicardial echocardiography. (A Cardiac Operation is defined as an operation
of Operation Type “CPB” or “No CPB Cardiovascular”.)
9 P-4 Process Timing of Antibiotic | Measure is satisfied for each Cardiac Operation, when there is documentation that
Administration for the patient has received prophylactic antibiotics within the hour immediately preceding
Pediatric and surgical incision (two hours if receiving vancomycin). (A Cardiac Operation is defined
Congenital Cardiac | as an operation of operation type “CPB” or “No CPB Cardiovascular’.)
Surgery Patients
10 |P-5 Process Selection of Measure is satisfied for each Cardiac Operation, when there is documentation that
Appropriate the patient received body weight appropriate prophylactic antibiotics as recommended
Prophylactic for the operation. (A Cardiac Operation is defined as an operation of operation type
Antibiotics and “CPB” or “No CPB Cardiovascular’.)
Weight-Appropriate
Dosage for
Pediatric and
Congenital Cardiac
Surgery Patients
11 P-6 Process Use of an Measure is satisfied for each Cardiac Operation when there is documentation of
expanded pre- performance and completion of an expanded pre-procedural and post-procedural
procedural and “time-out” that includes the following four elements (A Cardiac Operation is defined as
post-procedural an operation of operation type “CPB” or “No CPB Cardiovascular”.):
“time-out” 1. The conventional pre-procedural “time-out”, which includes identification of
patient, operative site, procedure, and history of any allergies.

2. A pre-procedural briefing wherein the surgeon shares with all members of the
operating room team the essential elements of the operative plan; including
diagnosis, planned procedure, outline of essentials of anesthesia and bypass
strategies, antibiotic prophylaxis, availability of blood products, anticipated or
planned implants or device applications, and anticipated challenges.

3. A post-procedural debriefing wherein the surgeon succinctly reviews with all
members of the operating room team the essential elements of the operative
plan, identifying both the successful components and the opportunities for
improvement. This debriefing should take place prior to the patient leaving the
operating room or its equivalent,and may be followed by a more in-depth
dialogue involving team members at a later time. (The actual debriefing in the
operating room is intentionally and importantly brief, in recognition of the fact
that periods of transition may be times of instability or vulnerabilityfor the
patient.)

4. A briefing and execution of a hand-off protocol at the time of transfer
(arrival) to the Intensive Care Unit at the end of the operation, involving the
anesthesiologist, surgeon, physician staff of the Intensive Care Unit
(including critical care and cardiology) and nursing.

(continued)
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Table 4.4 (continued)

Definitions of Quality Measures for Congenital and Pediatric Cardiac Surgery

Number

Type

Title of Indicator

Description

O-1

Outcome

Occurrence of new
post-operative
renal failure
requiring dialysis

For each surgical admission (Index Cardiac Operation) code whether the complication
occurred during the time interval beginning at admission to operating room and
ending 30 days post-operatively or at the time of hospital discharge, whichever is
longer (A Cardiac Operation is defined as an operation of operation type “CPB” or “No
CPB Cardiovascular”.):

STS version 2.5:
220 = Acute renal failure requiring temporary dialysis
230 = Acute renal failure requiring permanent dialysis

STS version 3.0:

230 = Renal failure - acute renal failure, Acute renal failure requiring dialysis at the
time of hospital discharge

223 = Renal failure - acute renal failure, Acute renal failure requiring temporary
dialysis with the need for dialysis not present at hospital discharge

224 = Renal failure - acute renal failure, Acute renal failure requiring temporary
hemofiltration with the need for dialysis not present at hospital

discharge

Please note: Unless a patient requires dialysis prior to surgery, renal failure that
requires dialysis after surgery constitutes an operative complication, despite the fact
that pre-operative diminished renal perfusion may have contributed to the
development of this complication.

This measure will be reported as percentage of all Index Cardiac Operations. This
measure will also be reported stratified by the 5 STS-EACTS Congenital Heart
Surgery Mortality Categories. (STS is developing Congenital Heart Surgery Morbidity
Categories. When these STS Congenital Heart Surgery Morbidity Categories are
published and available, this metric will be stratified by the STS Congenital Heart
Surgery Morbidity Categories instead of the STS Congenital Heart Surgery Mortality
Categories.)

0-2

Outcome

Occurrence of new
post-operative
neurological deficit
persisting at
discharge

For each surgical admission (Index Cardiac Operation) code whether the complication
occurred during the time interval beginning at admission to operating room and
ending 30 days post-operatively or at the time of hospital discharge, whichever is
longer (A Cardiac Operation is defined as an operation of operation type “CPB” or “No
CPB Cardiovascular”.):

320 = Neurological deficit, Neurological deficit persisting at discharge

This measure tracks “new post-operative neurological deficits” that (1) occur during
the time interval beginning at admission to operating room and ending at the time of
hospital discharge and (2) persist at discharge.

Such new post-operative neurological deficits may or may not be related to a stroke. If
the new post-operative neurological deficit is the result of a stroke (that occurs during
the time interval beginning at admission to operating room and ending at the time of
hospital discharge) and the neurological deficit persists at discharge, then the
following two complications should both be selected:

320 = Neurological deficit, Neurological deficit persisting at discharge

420 = Stroke

Thus, thiscomplication (320 = Neurological deficit, Neurological deficit persisting at
discharge) should be coded in situations where a patient has a stroke (during the time
interval beginning at admission to operating room and ending at the time of hospital
discharge) and the neurological deficit persists at discharge.

This measure does not include a neurologic deficit (which may or may not be related
to a stroke) that does not persist at discharge.

Please note that this complication (320 = Neurological deficit, Neurological deficit
persisting at discharge) should be coded even in the situation where the patient has a
neurological deficit that is present prior to admission to operating room and this
neurological deficit worsens (or a new neurological deficit develops) during the time
interval beginning at admission to operating room and ending at the time of hospital
discharge.

This measure will be reported as percentage of all Index Cardiac Operations. This
measure will also be reported stratified by the 5 STS-EACTS Congenital Heart
Surgery Mortality Categories. (STS is developing Congenital Heart Surgery Morbidity
Categories. When these STS Congenital Heart Surgery Morbidity Categories are
published and available, this metric will be stratified by the STS Congenital Heart
Surgery Morbidity Categories instead of the STS Congenital Heart Surgery Mortality
Categories.)

(continued)
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Table 4.4 (continued)

Definitions of Quality Measures for Congenital and Pediatric Cardiac Surgery

Number

Type

Title of Indicator

Description

0-3

Outcome

Occurrence of
arrhythmia
necessitating
permanent
pacemaker
insertion

For each surgical admission (Index Cardiac Operation) code whether the complication
occurred during the time interval beginning at admission to operating room and
ending 30 days post-operatively or at the time of hospital discharge, whichever is
longer (A Cardiac Operation is defined as an operation of operation type “CPB” or “No
CPB Cardiovascular”.):

STS version 2.5:
60 = Postoperative AV block requiring permanent pacemaker

STS version 3.0:
74 = Arrhythmia necessitating pacemaker, Permanent pacemaker

This measure will be reported as percentage of all Index Cardiac Operations. This
measure will also be reported stratified by the 5 STS-EACTS Congenital Heart
Surgery Mortality Categories. (STS is developing Congenital Heart Surgery Morbidity
Categories. When these STS Congenital Heart Surgery Morbidity Categories are
published and available, this metric will be stratified by the STS Congenital Heart
Surgery Morbidity Categories instead of the STS Congenital Heart Surgery Mortality
Categories.)

04

Outcome

Occurrence of
paralyzed
diaphragm
(possible phrenic
nerve injury)

For each surgical admission (Index Cardiac Operation) code whether the complication
occurred during the time interval beginning at admission to operating room and
ending 30 days post-operatively or at the time of hospital discharge, whichever is
longer (A Cardiac Operation is defined as an operation of operation type “CPB” or “No
CPB Cardiovascular”.):

STS version 2.5:
300 = Phrenic nerve injury/paralyzed diaphragm

STS version 3.0:
300 = Paralyzed diaphragm (possible phrenic nerve injury)

This measure will be reported as percentage of all Index Cardiac Operations. This
measure will also be reported stratified by the 5 STS-EACTS Congenital Heart
Surgery Mortality Categories. (STS is developing Congenital Heart Surgery Morbidity
Categories. When these STS Congenital Heart Surgery Morbidity Categories are
published and available, this metric will be stratified by the STS Congenital Heart
Surgery Morbidity Categories instead of the STS Congenital Heart Surgery Mortality
Categories.)

0O-5

Outcome

Occurrence of need
for Postoperative
mechanical
circulatory support
(IABP, VAD,

ECMO, or CPS)

For each surgical admission (Index Cardiac Operation) code whether the complication
occurred during the time interval beginning at admission to operating room and
ending 30 days post-operatively or at the time of hospital discharge, whichever is
longer (A Cardiac Operation is defined as an operation of operation type “CPB” or “No
CPB Cardiovascular”.):

STS version 2.5:
40 = Postoperative mechanical circulatory support (IABP, VAD, ECMO, or CPS)

STS version 3.0:
40 = Postoperative/Postprocedural mechanical circulatory support (IABP, VAD,
ECMO, or CPS)

Please note that this complication should be coded even in the situation where the
patient had preoperative mechanical circulatory support if the patient has mechanical
circulatory support postoperatively at any time until 30 days post-operatively or the
time of hospital discharge, whichever is longer.

This measure will be reported as percentage of all Index Cardiac Operations. This
measure will also be reported stratified by the 5 STS-EACTS Congenital Heart
Surgery Mortality Categories. (STS is developing Congenital Heart Surgery Morbidity
Categories. When these STS Congenital Heart Surgery Morbidity Categories are
published and available, this metric will be stratified by the STS Congenital Heart
Surgery Morbidity Categories instead of the STS Congenital Heart Surgery Mortality
Categories.)

0-6

Outcome

Occurrence of
unplanned
reoperation and/or
interventional

For each surgical admission (Index Cardiac Operation) code whether the complication
occurred during the time interval beginning at admission to operating room and
ending 30 days post-operatively or at the time of hospital discharge, whichever is
longer (A Cardiac Operation is defined as an operation of operation type “CPB” or “No
CPB Cardiovascular”.):

(continued)
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Table 4.4 (continued)

Definitions of Quality Measures for Congenital and Pediatric Cardiac Surgery

Number

Type

Title of Indicator

Description

cardiovascular
catheterization
procedure

STS version 2.5:
20 = Reoperation during this admission (unplanned reoperation)
240 = Bleeding requiring reoperation

STS version 3.0:

22 = Unplanned cardiac reoperation during the postoperative or postprocedural time
period

24 = Unplanned interventional cardiovascular catheterization procedure during the
postoperative or postprocedural time period

26 = Unplanned non-cardiac reoperation during the postoperative or postprocedural
time period

240 = Bleeding, Requiring reoperation

n.b. does not include delayed sternal closure

This measure will be reported as percentage of all Index Cardiac Operations. This
measure will also be reported stratified by the 5 STS-EACTS Congenital Heart
Surgery Mortality Categories. (STS is developing Congenital Heart Surgery Morbidity
Categories. When these STS Congenital Heart Surgery Morbidity Categories are
published and available, this metric will be stratified by the STS Congenital Heart
Surgery Morbidity Categories instead of the STS Congenital Heart Surgery Mortality
Categories.)

This measure counts all patients who require any additional unplanned cardiac or
non-cardiac operation and/or interventional cardiovascular catheterization procedure
occurring (1) within 30 days after surgery or intervention in or out of the hospital, or
(2) after 30 days during the same hospitalization subsequent to the operation or
intervention.

A cardiac operationis defined as any operation that is of the Operation Type of “CPB”
or “No CPB Cardiovascular”.

The following operations will always be coded as “Planned Reoperation™: (1) Delayed
Sternal Closure, (2) ECMO Decannulation, (3) VAD Decannulation, (4) Removal of
Broviac catheter.

The following operations will always be coded as “Unplanned Reoperation”:

(1) Reoperation for bleeding, (2) Reoperation for infection, (3) Reoperation for

hemodynamic instability, (4) Reoperation for initiation of ECMO or VAD,
(5) Reoperation for residual or recurrent lesion.

Outcome

Operative Mortality
Stratified by the
Five STS-EACTS
Mortality Levels

Operative mortality stratified by the five STS-EACTS Mortality Levels, a multi-
institutional validated complexity stratification tool

See J Thorac Cardiovasc Surg 2009;138:1139-1153. O’Brien et al. An empirically
based tool for analyzing mortality associated with congenital heart surgery.
Table 1, pp 1140-1146.

Outcome

Operative Mortality
for Eight
Benchmark
Operations

Operative Mortality for Eight Benchmark Pediatric and Congenital Heart Operations:

These 8 Eight Benchmark Pediatric and Congenital Heart Operations are tracked
when they are the Primary Procedure of an Index Cardiac Operation. (A Cardiac
Operation is defined as an operation of Operation Type “CPB” or “No CPB
Cardiovascular”.)

(These 8 Eight Benchmark Pediatric and Congenital Heart Operationsare listed and
described in this table in Measure Number S-5.)

20

0-9

Outcome

Index Cardiac
Operations Free of
Mortality and Major
Complication

“Index Cardiac Operations free of mortality and major complication” is defined as the
percent of pediatric and congenital heart surgery Index Cardiac Operations free all of
the following: (1) Operative mortality, (2) any one or more of the following major
complications occurring or diagnosed during the time interval beginning at admission
to operating room and ending 30 days post-operatively or at the time of hospital
discharge, whichever is longer:

a) Renal failure. Acute renal failure requiring temporary or permanent dialysis
(220, 230, 223, 224)
STS version 2.5:
220 = Acute renal failure requiring temporary dialysis
230 = Acute renal failure requiring permanent dialysis
STS version 3.0:
230 = Renal failure - acute renal failure, Acute renal failure requiring dialysis at
the time of hospital discharge
223 = Renal failure - acute renal failure, Acute renal failure requiring temporary
dialysis with the need for dialysis not present at hospital discharge
224 = Renal failure - acute renal failure, Acute renal failure requiring temporary
hemofiltration with the need for dialysis not present at hospital discharge

(continued)
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Table 4.4 (continued)

Definitions of Quality Measures for Congenital and Pediatric Cardiac Surgery

Free of Major
Complication

Number | Type Title of Indicator Description
b) Neurological deficit, Neurological deficit persisting at discharge.
STS version 2.5:
320 = Postoperative neurological defi cit persisting at discharge
STS version 3.0:
320 = Neurological deficit, Neurological deficit persisting at discharge
¢) Arrhythmia necessitating pacemaker, Permanent pacemaker (60, 74)
STS version 2.5:
60 = Postoperative AV block requiring permanent pacemaker
STS version 3.0:
74 = Arrhythmia necessitating pacemaker, Permanent pacemaker
d) ECMO/VAD. Postop mechanical circulatory support (IABP, VAD, ECMO or
CPS) (40)
STS version 2.5:
40 = Postoperative mechanical circulatory support (IABP, VAD, ECMO, or
CPS)
STS version 3.0:
40 = Postoperative/Postprocedural mechanical circulatory support (IABP, VAD,
ECMO, or CPS)
e) Paralyzed diaphragm (possible phrenic nerve injury).
STS version 2.5:
300 = Phrenic nerve injury/paralyzed diaphragm
STS version 3.0:
300 = Paralyzed diaphragm (possible phrenic nerve injury)
f) Unplanned reoperation. (20, 22, 26 or 240)
STS version 2.5:
20 = Reoperation during this admission (unplanned reoperation)
240 = Bleeding requiring reoperation
STS version 3.0:
22 = Unplanned cardiac reoperation during the postoperative or postprocedural
time period, exclusive of reoperation for bleeding
24 = Unplanned interventional cardiovascular catheterization procedure during
the postoperative or postprocedural time period
26 = Unplanned non-cardiac reoperation during the postoperative or
postprocedural time period
240 = Bleeding, Requiring reoperation
This measure will be reported as percentage of all Index Cardiac Operations. This
measure will also be reported stratified by the 5 STS-EACTS Congenital Heart
Surgery Mortality Categories. (STS is developing Congenital Heart Surgery Morbidity
Categories. When these STS Congenital Heart Surgery Morbidity Categories are
published and available, this metric will be stratified by the STS Congenital Heart
Surgery Morbidity Categories instead of the STS Congenital Heart Surgery Mortality
Categories.)
21 | 0-10 Outcome | Operative Survivors | “Operative survivors free of major complication” is defined as the percent of all

surviving (live at discharge and 30 days postoperatively) pediatric and congenital
heart surgery index operations free all of the following itemized major complications:

a) Renal failure. Acute renal failure requiring temporary or permanent dialysis
(220, 230, 223, 224)

STS version 2.5:

220 = Acute renal failure requiring temporary dialysis

230 = Acute renal failure requiring permanent dialysis

STS version 3.0:

230 = Renal failure - acute renal failure, Acute renal failure requiring dialysis at
the time of hospital discharge

223 = Renal failure - acute renal failure, Acute renal failure requiring temporary
dialysis with the need for dialysis not present at hospital discharge

224 = Renal failure -acute renal failure, Acute renal failure requiring temporary
hemofiltration with the need fordialysis not present at hospital discharge
Neurological deficit, Neurological deficit persisting at discharge.

STS version 2.5:

320 = Postoperative neurological deficit persisting at discharge

STS version 3.0:

320 = Neurological deficit, Neurological deficit persisting at discharge
Arrhythmia necessitating pacemaker, Permanent pacemaker (60, 74)

STS version 2.5:

60 = Postoperative AV block requiring permanent pacemaker

STS version 3.0:

74 = Arrhythmia necessitating pacemaker, Permanent pacemaker

b,

<

C,

2

(continued)
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Definitions of Quality Measures for Congenital and Pediatric Cardiac Surgery

Number | Type Title of Indicator Description

Table 4.5

Measure Organ system

12

d) ECMO/VAD. Postop mechanical circulatory support (IABP, VAD, ECMO or

Renal

€

~

0

CPS) (40)

STS version 2.5:

40 = Postoperative mechanical circulatory support (IABP, VAD, ECMO, or
CPS)

STS version 3.0:

40 = Postoperative/Postprocedural mechanical circulatory support (IABP, VAD,
ECMO, or CPS)

Paralyzed diaphragm (possible phrenic nerve injury).

STS version 2.5:

300 = Phrenic nerve injury/paralyzed diaphragm

STS version 3.0:

300 = Paralyzed diaphragm (possible phrenic nerve injury)

Unplanned reoperation. (20, 22, 26 or 240)

STS version 2.5:

20 = Reoperation during this admission (unplanned reoperation)

240 = Bleeding requiring reoperation

STS version 3.0:

22 = Unplanned cardiac reoperation during the postoperative or postprocedural
time period, exclusive of reoperation for bleeding

24 = Unplanned interventional cardiovascular catheterization procedure during
the postoperative or postprocedural time period

26 = Unplanned non-cardiac reoperation during the postoperative or
postprocedural time period

240 = Bleeding, Requiring reoperation

This measure will be reported as percentage of all Index Cardiac Operations. This
measure will also be reported stratified by the 5 STS-EACTS Congenital Heart
Surgery Mortality Categories. (STS is developing Congenital Heart Surgery Morbidity
Categories. When these STS Congenital Heart Surgery Morbidity Categories are
published and available, this metric will be stratified by the STS Congenital Heart
Surgery Morbidity Categories instead of the STS Congenital Heart Surgery Mortality
Categories.)

Consensus definitions of the morbidities

Complication Definitions

Renal failure — acute  Renal failure — acute renal failure (ROOT Definition) +
renal failure, acute with new postoperative/postprocedural requirement for
renal failure requiring dialysis, including peritoneal dialysis and/or

dialysis at the time of hemodialysis. Code this complication if the patient
hospital discharge requires dialysis at the time of hospital discharge or

death in the hospital. (This complication should be
chosen only if the dialysis was associated with acute
renal failure.) {*“Renal failure — acute renal failure”
ROOT definition = acute renal failure is defined as new
onset oliguria with sustained urine output <0.5 cc/kg/h
for 24 h and/or a rise in creatinine >1.5 times upper
limits of normal for age (or twice the most recent
preoperative/preprocedural values if these are
available), with eventual need for dialysis (including
peritoneal dialysis and/or hemodialysis) or
hemofiltration. Acute renal failure that will be counted
as an operative or procedural complication must occur
prior to hospital discharge or after hospital discharge but
within 30 days of the procedure. (An operative or
procedural complication is any complication, regardless
of cause, occurring (1) within 30 days after surgery or
intervention in or out of the hospital or (2) after 30 days

(continued)
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Table 4.5 (continued)

Measure Organ system

12

12

Renal

Renal

Complication

Renal failure — acute
renal failure, acute
renal failure requiring
temporary dialysis
with the need for
dialysis not present at
hospital discharge

Renal failure — acute
renal failure, acute
renal failure requiring
temporary
hemofiltration with the
need for dialysis not
present at hospital
discharge

89

Definitions

during the same hospitalization subsequent to the
operation or intervention. Operative and procedural
complications include both intraoperative/
intraprocedural complications and postoperative/
postprocedural complications in this time interval.) The
complication is to be coded even if the patient required
dialysis, but the treatment was not instituted due to
patient or family refusal }

Renal failure — acute renal failure (ROOT definition) +
with new postoperative/postprocedural requirement for
temporary dialysis, including peritoneal dialysis and/or
hemodialysis. Code this complication if the patient does
not require dialysis at the time of hospital discharge or
death in the hospital. (This complication should be
chosen only if the dialysis was associated with acute
renal failure.) {“Renal failure — acute renal failure”
ROOT definition = acute renal failure is defined as new
onset oliguria with sustained urine output <0.5 cc/kg/h
for 24 h and/or a rise in creatinine >1.5 times upper
limits of normal for age (or twice the most recent
preoperative/preprocedural values if these are
available), with eventual need for dialysis (including
peritoneal dialysis and/or hemodialysis) or
hemofiltration. Acute renal failure that will be counted
as an operative or procedural complication must occur
prior to hospital discharge or after hospital discharge but
within 30 days of the procedure. (An operative or
procedural complication is any complication, regardless
of cause, occurring (1) within 30 days after surgery or
intervention in or out of the hospital or (2) after 30 days
during the same hospitalization subsequent to the
operation or intervention. Operative and procedural
complications include both intraoperative/
intraprocedural complications and postoperative/
postprocedural complications in this time interval.) The
complication is to be coded even if the patient required
dialysis, but the treatment was not instituted due to
patient or family refusal }

Renal failure — acute renal failure (ROOT definition) +
with new postoperative/postprocedural requirement for
temporary hemofiltration. Code this complication if the
patient does not require dialysis at the time of hospital
discharge or death in the hospital. (This complication
should be chosen only if the hemofiltration was associated
with acute renal failure.) {“Renal failure — acute renal
failure” ROOT definition = acute renal failure is defined
as new onset oliguria with sustained urine output <0.5 cc/
kg/h for 24 h and/or a rise in creatinine >1.5 times upper
limits of normal for age (or twice the most recent
preoperative/preprocedural values if these are available),
with eventual need for dialysis (including peritoneal
dialysis and/or hemodialysis) or hemofiltration. Acute
renal failure that will be counted as an operative or
procedural complication must occur prior to hospital
discharge or after hospital discharge but within 30 days of
the procedure. (An operative or procedural complication

(continued)
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Table 4.5 (continued)

Measure Organ system Complication

13

13

13

13

14

15

16

17

Neurologic Neurological deficit,
neurological deficit
persisting at discharge

Neurologic Stroke

Neurologic Spinal cord injury,
neurological deficit
persisting at discharge

Neurologic Peripheral nerve
injury, neurological
deficit persisting at
discharge

Arrhythmia — Arrthythmia Arrhythmia

necessitating pacemaker necessitating
pacemaker, permanent
pacemaker

Neurologic Paralyzed diaphragm
(possible phrenic
nerve injury)

Mechanical support Postoperative/

utilization postprocedural
mechanical circulatory
support (IABP, VAD,
ECMO, or CPS)

Operative/procedural Unplanned cardiac
reoperation during the

J.P. Jacobs

Definitions

is any complication, regardless of cause, occurring

(1) within 30 days after surgery or intervention in or out of
the hospital or (2) after 30 days during the same
hospitalization subsequent to the operation or
intervention. Operative and procedural complications
include both intraoperative/intraprocedural
complications and postoperative/postprocedural
complications in this time interval.) The complication is
to be coded even if the patient required dialysis, but the
treatment was not instituted due to patient or family
refusal }

Newly recognized and/or newly acquired deficit of
neurologic function leading to inpatient referral,
therapy, or intervention not otherwise practiced for

a similar unaffected inpatient, with a persisting
neurologic deficit present at hospital discharge. In other
words, new (onset intraoperatively or

postoperatively — or intraprocedurally or
postprocedurally) neurological deficit persisting and
present at discharge from hospital

“Stroke” ROOT definition = a stroke is any confirmed
neurological deficit of abrupt onset caused by

a disturbance in blood flow to the brain, when the
neurologic deficit does not resolve within 24 h

Spinal cord injury (ROOT definition) + with a persisting
neurologic deficit present at hospital discharge. {“Spinal
cord injury” ROOT definition = newly acquired or
newly recognized deficit of spinal cord function
indicated by physical exam findings, imaging studies, or
both}

Peripheral nerve injury (ROOT definition) + with

a persisting neurologic deficit present at hospital
discharge. {“Peripheral nerve injury” ROOT

definition = newly acquired or newly recognized deficit
of unilateral or bilateral peripheral nerve function
indicated by physical exam findings, imaging studies, or
both}

Implantation and utilization of a permanent pacemaker
for treatment of any arrhythmia including heart block
(atrioventricular [AV] heart block)

Presence of elevated hemidiaphragm(s) on chest
radiograph in conjunction with evidence of weak,
immobile, or paradoxical movement assessed by
ultrasound or fluoroscopy

Utilization of postoperative/postprocedural mechanical
support, of any type (IABP, VAD, ECMO, or CPS), for
resuscitation/CPR or support, during the postoperative/
postprocedural time period. Code this complication if it
occurs (1) within 30 days after surgery or intervention
regardless of the date of hospital discharge or (2) after
30 days during the same hospitalization subsequent to
the operation or intervention.

Any additional unplanned cardiac operation occurring
(1) within 30 days after surgery or intervention in or out

(continued)



4 Outcomes Analysis and Quality Improvement

Table 4.5 (continued)

Measure Organ system Complication

postoperative or
postprocedural time
period, exclusive of
reoperation for
bleeding

17 Operative/procedural Unplanned
interventional
cardiovascular
catheterization
procedure during the
postoperative or
postprocedural time
period

17 Operative/procedural Unplanned noncardiac
reoperation during the
postoperative or
postprocedural time
period

surgical quality assessment and quality improve-
ment initiatives. These initiatives will take on
added importance as the public reporting of
cardiac surgery performance becomes more
common [36, 37].
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Abstract

Infants and children with congenital heart disease are a very diverse
clinical population and vary considerably in size, anatomy, and physiol-
ogy. Despite this, over the past decade risk adjustment tools have been
developed that account for this diversity in a variety of settings, including
the cardiac operating room, intensive care unit, and catheterization labo-
ratory, to allow meaningful comparisons of outcomes among practitioners
and institutions. Increasingly reliable methods, along with multicenter
data repositories, will allow more accurate benchmarking, and guide
improvement.
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Introduction

Each year in the United States, about 40,000
children are born with congenital heart defects
(CHD) [1]. Between 1999 and 2006, CHD was
listed as the primary cause of death in 27,960
people; 48 % of deaths occurred in infants,
often following complex expensive surgeries
and prolonged intensive care unit (ICU) stay
[1]. Congenital heart lesions are characterized
by diversity, and differences in anatomy are an
important source of variation in risk of death and
other adverse outcomes. Judging relative perfor-
mance among institutions or practitioners
requires an understanding of differences in case-
mix complexity. Risk factors incorporated in
adjustment methods should be limited to intrinsic
vulnerabilities of patients, not to vulnerabilities
that can vary based on practice patterns or setting
of care. Procedure type can be used as a surrogate
for anatomic diagnosis in cases where specific
diagnoses are universally treated with a single
type of procedure.

Risk Adjustment for Cardiac Surgery
Outcomes

Most prior work to create risk adjustment models
has been done to allow outcome comparisons for
short-term mortality after congenital heart sur-
gery. The Aristotle Complexity Adjustment
Method is based on the primary procedure of an
operation as defined by the Society of Thoracic
Surgeons-European Association for Cardio-
thoracic Surgery (STS-EACTS) Derived Proce-
dure Short List [2, 3] and has been the most
commonly used risk adjustment method for mor-
tality in Europe [4, 5]. The Aristotle Basic Com-
plexity Score (ABC Score) defines the
complexity of a given operation through three
factors: the potential for mortality, the potential
for morbidity, and the technical difficulty of the
operation. The ABC Score was created from
a survey of 50 congenital heart surgeons. Partic-
ipants were asked to rank all procedures from the
STS-EACTS Minimum Database Procedure
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Short List. Each procedure was scored a value
from 0.5 through 5 for mortality, for morbidity,
and for technical difficulty. The sum of the three
median values ranges from 1.5 to 15, and is the
final ABC Score for a procedure [4, 5]. Four ABC
Levels were created from the Complexity Scores:
1.5-59 =1, 6.0-79 = 2, 8.0-9.9 = 3, and
10.0-15.0 = 4[4, 5]. A more complicated scoring
system, known as the Aristotle Comprehensive
Complexity Score, adds additional clinical risk
factors.

The Risk Adjustment for Congenital Heart
Surgery (RACHS-1) method was developed to
adjust for baseline case-mix differences in risk
when comparing in-hospital mortality among
groups of patients <18 years of age undergoing
congenital heart surgery [6, 7]. A nationally rep-
resentative 11-member panel of pediatric cardi-
ologists and cardiac surgeons used -clinical
judgment to place surgical procedures defined
by the Current Procedural Terminology 4
(CPT-4) and International Classification of
Diseases, Ninth Revision, Clinical Modification
(ICD-9-CM) codes into six groups with similar
risk for in-hospital mortality. These risk catego-
ries were then refined using empirical data from
the Pediatric Cardiac Care Consortium (PCCC,
1996) and three statewide hospital discharge
databases (Illinois, 1994; Massachusetts, 1995;
California, 1995). The final method includes six
risk categories as well as four additional clinical
factors: age at operation (<30 days, 31 days to
1 year, 1-17 years), prematurity, the presence
of a major non-cardiac structural anomaly
(e.g., tracheoesophageal fistula), and the presence
of combinations of cardiac surgical procedures.
The mortality rates for congenital heart surgery
by RACHS-1 risk category in the Kids’ Inpatient
Database 2006 are shown in Fig. 5.1. The
RACHS-1 model has shown excellent perfor-
mance characteristics in a variety of settings and
does not rely on any particular coding
framework [7-11].

RACHS-1 can be used to evaluate differences
in in-hospital mortality among groups of patients
within a single data set, or to adjust for case mix
differences when evaluating the performance of
a single institution in comparison to a benchmark
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Fig. 5.1 Mortality rates for congenital heart surgery by
RACHS-1 risk category

data set. The methodology can be applied in two
different ways. A simple approach is to evaluate
mortality rates within each of the six risk catego-
ries separately. This method, however, can make
it difficult for a program to determine how it is
doing overall, evaluating its entire caseload.
A preferable approach which incorporates cases
from all risk categories into a single measure is to
calculate a standardized mortality ratio (SMR).
The model containing risk category, age group,
prematurity, presence of a major non-cardiac
structural anomaly, and presence of combina-
tions of cardiac surgical procedures is used to
generate an expected in-hospital mortality rate
for a program given its case mix. The SMR is
then calculated as the program’s observed mor-
tality rate divided by its expected mortality rate.
A value greater than 1.0 indicates that
a program’s mortality is higher than would be
expected given its case mix, while a value less
than 1.0 means that its mortality rate is lower than
would be expected.

Recently, the National Quality Forum
approved a risk adjustment method that harmo-
nized the RACHS-1 method with a concurrently
existing measure administered by the Agency
for Healthcare Research and Quality (AHRQ).
The AHRQ methodology incorporated some
elements of the validated RACHS-1 method
including its six risk categories, but other model
parameters differed. Developers of the two meth-
odologies worked together to create a new model
with improved performance and face validity.
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Table 5.1 RACHS-1 final model
95 %
Odds Confidence
ratio  interval P value
RACHS-1 risk category
1 1.00 - -
2 1.09 (0.65,1.82) 0.75
3 228 (1.31,3.94) 0.003
4 2.78  (1.57,4.93) <0.001
5+6 5.16 (2.91,9.14) <0.001
Age group
0-28 days 6.28 (4.54,8.69) <0.001
29-90 days 296 (2.16,4.07) <0.001
91-364 days 1.19 (0.89,1.59) 0.23
1-17 years 1.00 - -
Birth weight 500-2,499 g 1.96 (1.49,2.59) <0.001
Multiple procedures 2.19  (1.81,2.66) <0.001
Major non-cardiac 1.27  (1.06, 1.51) 0.008
structural anomaly
Transfer-in 0.96 (0.76,1.21) 0.73

SID 2008: n = 17,525; model c statistic = 0.82

The final model contained RACHS-1 risk cate-
gory, age (0-28 days, 29-90 days, 91-364 days,
1-17 years), low birth weight (<2,500 g),
non-cardiac congenital anomalies, multiple car-
diac procedures during the admission, and trans-
fer into the hospital. The final model applied to
the 2008 State Inpatient Databases (SID), which
included 17,525 cases of congenital heart sur-
gery, is shown in Table 5.1. This model showed
excellent discrimination, with an area under the
receiver-operator characteristic (ROC) curve of
0.82. The SID includes hospital discharges from
46 states and encompasses 97 % of US proce-
dures. Beginning in spring of 2013, institutions
can find algorithms that allow a comparison of
their own standardized mortality ratios or
adjusted mortality rates to the SID 2011 bench-
mark as a reference on the AHRQ website.

The Society of Thoracic Surgeons (STS)
maintains a national registry that collects infor-
mation for all cardiovascular procedures
performed by cardiovascular surgeons at partici-
pating institutions [12]. These institutions receive
regular reports about their own mortality and
major complications compared to other institu-
tions. Mortality outcomes are stratified by age



98

and procedural complexity category using the
ABC Levels, RACHS-1 risk categories, and
more recently by five categories empirically
derived from the STS-EACTS registries known
as the STS-EACTS Congenital Heart Surgery
Mortality Categories (STAT) [13]. Methodology
to adjust for other clinical variables to calculate
standardized mortality ratios is currently under
development. Complication data are also strati-
fied by age and other variables in these reports,
and risk adjustment methodology for complica-
tions is being developed [14, 15].

Measuring Technical Performance for
Congenital Heart Surgery

Outcomes in congenital cardiac surgery are mul-
tifactorial, with success being dependent on sev-
eral components that include (1) preoperative
status, complexity of the defect, and adequacy
of the diagnostic evaluation and appropriate sur-
gical plan; (2) intraoperative conduct of the oper-
ation, which includes conduct of anesthesia,
cardiopulmonary bypass, and the actual operative
procedure; and (3) postoperative course, which in
turn is dependent on the physiological status of
the patient, adequacy of the repair, and the deliv-
ery of care in the ICU. While all of these compo-
nents are important and interactive, the technical
adequacy of the repair may well be the single
most important component in determining
a successful outcome.

Technical Performance Score (TPS) is
a novel, expert opinion-based and echocardio-
graphically-derived tool for assessing operative
performance [16, 17]. This tool was developed
and validated at Boston Children’s Hospital, and
scores have currently been developed for 90 %
of congenital cardiac operations covering the
entire spectrum of RACHS-1 risk categories.
Technical performance of various congenital
cardiac operations is categorized into three clas-
ses: class 1 (optimal —no residual defect), class 2
(adequate — minor residual defect), and class 3
(inadequate — major residual defect or
unplanned surgical or catheter reintervention
prior to discharge from index operation).
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Surgical procedures are subdivided into individ-
ual components/sub-procedures and each sub-
procedure is assigned one of the aforementioned
scores based on specific echocardiographic
criteria. If all sub-procedures are assigned
an optimal (class 1) score, the overall score for
the entire procedure would be optimal (class 1).
If individual sub-procedures are scored
a mixture of class 1 and class 2, the overall
score for the entire procedure would be adequate
(class 2). If any sub-procedures are scored as
inadequate (class 3), or if there is a need for
surgical or catheter-based reintervention in the
anatomic area of interest prior to discharge, the
overall score would be inadequate (class 3).
Only the anatomic areas initially intervened
upon are scored.

Ongoing work has shown that inadequate
technical performance (class 3) has a strong asso-
ciation not only with worse early outcomes such
as higher in-hospital mortality, higher occurrence
of major adverse events, and increased resource
utilization (longer post-operative length of stay in
the hospital), but also with worse midterm out-
comes such as higher post-discharge mortality
and a greater rate of unplanned midterm
reinterventions [18-21].

Risk Adjustment for Cardiac Intensive
Care Outcomes

In the pediatric intensive care unit (PICU), sever-
ity of illness scores can help objectively assess
risk of death and prognosis, and are integral to
provision of modern pediatric intensive care.
These scores provide objective measures of crit-
ical illness and risk of death that can guide better
clinical care, help better understand structures
and process of care for improvement, guide
resource allocation, and improve the quality and
efficiency of care provided [22, 23]. Although
severity of illness scores specifically for children
with cardiac disease receiving intensive care are
not available, currently available generic PICU
scores have been used in this population for pur-
poses for risk adjustment when assessing
outcomes.
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Table 5.2 Comparison of current pediatric severity of illness scores for mortality

Score Year Site of origin
PELOD 2003 France, Canada
PIM 2 2003 Australia, UK
PRISM-III 1996 USA

Collection time Variables ROC
Entire PICU admission 12 0.980
At admission 10 0.900
12-h PRISM-III 1996

PRISM, Pediatric Risk of Mortality Score (current version PRISM-III); PIM 2, Paediatric Index of Mortality (current
version PIM 2); PELOD, Pediatric Logistic Organ Dysfunction score; ROC, Receiver operating characteristic

Development of severity of illness measures
in the PICU began with the “Clinical Classifica-
tions Scoring System” that helped categorize
patients based on their clinical need of requiring
routine to more frequent care [22, 23]. This was
followed by the development of the “Therapeutic
Intervention Scoring System (TISS)” by Cullen
et al. [24]. The TISS method categorized patients
by the number and complexity of therapeutic
interventions received during hospitalization.
The increasing recognition that death in the ICU
was due to multiple organ failure and that organ
failure in turn was related to physiological insta-
bility in the ICU led to the use of vital signs upon
ICU admission or during the first 24 h of ICU care
stay in development of modern severity of illness
scoring systems [22, 25]. Commonly used pedi-
atric severity of illness methods in PICUs include
the Pediatric Risk of Mortality score (current
version PRISM-III), the Pediatric Index of Mor-
tality score (current version PIM2), and the Pedi-
atric Logistic Organ Dysfunction score (PELOD)
[26-29].

The currently available pediatric scoring sys-
tems were developed using large datasets
containing patients admitted to PICUs and
included children with acquired and congenital
heart disease [26]. Variables for inclusion in
these scoring systems were derived from either
datasets used for score development or from
expert opinions. A comparison of score charac-
teristics, site of development, timing of data col-
lection, number of variables, and performance
characteristics of the current pediatric severity
of illness scores are shown in Table 5.2. The
ability of PRISM-III score to discriminate mor-
tality was evaluated in the Cardiac Intensive Care
Unit (CICU) at Boston Children’s Hospital using
data collected from 1,113 admissions for cardiac
medical and surgical indications, during the

calendar year 2003. Score performance for dis-
criminating mortality was assessed using the area
under the receiver operating characteristic curve
(ROC). The ROC was 0.82 for the whole CICU
admission cohort, 0.84 for 278 cardiac medical,
and 0.87 for 615 surgical patients (unpublished
data). Thus, the PRISM-III score was found to
accurately discriminate mortality in this cohort of
CICU admissions.

Severity of illness measures can potentially be
used for the following purposes in PICUs:
[22, 25, 30] (1) Benchmarking and Performance
Assessment: Perhaps the most important use of
the severity of illness scores is to help adjust for
severity of illness-based differences in case-mix
when comparing performance of PICUs (external
benchmarking) and for comparing performance
of a single PICU over time (internal
benchmarking). Internal benchmarking can be
used to determine strengths and weaknesses
within a PICU and can provide opportunities for
improvement in care. External benchmarking can
be performed by calculating a standardized mor-
tality ratio; this measure is commonly used by
regulatory agencies to identify underperforming
PICUs after adjusting for differences in case mix
index. (2) Efficiency of Care Assessment. One
potential method to compare efficiency is using
standardized length of ICU stay as a proxy for
resource utilization and combining it with SMR.
Among PICUs with comparable SMR, more effi-
cient PICUs may have shorter lengths of stay and
less efficient PICUs may have longer lengths of
stay [30]. (3) Clinical Research: Severity of ill-
ness can help adjust for differences in case-mix
based on severity of illness when comparing pop-
ulation for purposes of research. They can also be
used to select populations of subjects with a more
homogenous risk of mortality for randomization
in clinical trials. (4) Allocation of Resources in
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the ICU: Estimation of illness severity can aid
planning and allocation of scarce ICU resources
to areas of high risk or patients that are at higher
risk of mortality. (5) Clinical Decision Making:
Knowledge of the risk of mortality can help pro-
vide physicians and families with information
regarding prognosis and help decision-making
in the choice of treatments. The use of severity
of illness scores in clinical decision-making is
only of limited value because predicting individ-
ual prognoses based on severity of illness scores
is usually not accurate [22, 23].

Although assessing severity of illness is a very
valuable tool in modern PICUs, several limita-
tions need to be considered prior to their use
[25, 31, 32]. Decreased predictive performance
may be due to errors in data collection due to
either incorrect entry or incorrect interpretation
of variable definitions. Scores derived from the
general PICU population may not be applicable
to specialized populations (e.g., the accuracy of
generic PICU scores has not been well character-
ized in children with cardiac disease). Similarly,
these scores may not be applicable to populations
from a different geographic region remote from
the population used to derive the score. Improved
care and change in practice over time may result
in a higher predicted mortality than observed and
thus result in falsely low SMRs. Thus, these
scores may require constant recalibration to pre-
serve their precision. As previously discussed,
these scores are not accurate enough to guide
provision or withdrawal of therapies at an indi-
vidual patient level. Finally, the scores are only
designed to predict short-term outcomes, such as
mortality, and are not useful for prediction of
important long-term outcomes, such as func-
tional outcomes or quality of life.

Severity of illness scores are thus valuable
tools for assessing the performance and improv-
ing quality of care delivered in PICUs. Their
performance depends on accurate data collection
using established variable definitions. Future
development of prognostic models and severity
of illness scores should focus on improving ease
of use, generalizability to many diseases and
populations, and ability to predict longer-term
outcomes beyond PICU mortality.
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Risk Adjustment for Cardiac
Catheterization

With the advancement of cardiac catheterization
procedures and techniques and the subsequent
increase in size of the patient population, it has
become critical to gain a deeper knowledge of the
risks of adverse events associated with common
catheterization procedures. In 2011, a method to
adjust for baseline risk in pediatric cardiac cath-
eterizations was developed. The Catheterization
for Congenital Heart Disease Adjustment for
Risk Method (CHARM) allows for an equitable
comparison of adverse event rates among physi-
cians or institutions by accounting for factors that
contribute to the risk assessment of each patient:
procedure type, hemodynamic vulnerability, and
age [33].

In 2008, a retrospective analysis using data
from a single center examined the frequency,
severity, and attributability of adverse events
(AEs) during cardiac catheterization, and looked
for associations between patient and procedural
characteristics and occurrence of AEs. An expert
panel of 11 interventional cardiologists from 6
institutions participated, and defined attributes of
risk by consensus methodology. All AEs were
characterized using previously defined severity
levels from 1 (none) to 5 (catastrophic). In addi-
tion to AE classification, procedures were
grouped into 6 different categories based on risk
of a high-severity AE [34, 35].

To further classify risk during congenital
catheterization procedures, the Congenital
Cardiac Catheterization Project on Outcomes
(C3PO) is a multi-center registry that began pro-
spectively collecting data from 8 participating
centers in 2007 [36]. The prior single-center anal-
ysis had demonstrated a strong association
between higher procedure type categories defined
by consensus and high severity adverse events,
defined as level 3 (moderate), 4 (major), and 5
(catastrophic) events [34, 35]. With the larger
dataset, the C3PO investigators further refined
the procedure type risk categories and improved
generalizability by employing both consensus
and empirical methods utilizing the multi-center
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Risk Group 1 Risk Group 2

Risk Group 3 Risk Group 4

Fontan Fenestration
Systemic to Pulmonary Artery collaterals

Diagnostic Case Age > 1 year Age = 1 month < 1 year Age < 1 month

Valvuloplasty Pulmonary Valve > 1 month Aortic Valve > 1 month Mitral Valve
Pulmonary valve < 1 month Tricuspid valve | Aortic Valve < 1 month

Device or Coil Venous collateral PDA Systemic Surgical Shunt VSD

Closure LsSvC ASD or PFO Baffle Leak Perivalvar leak

Coronary Fistula

RVOT
Aorta dilation < 8 ATM

Balloon Angioplasty

Pulmonary artery < 4 vessels

Pulmonary artery > 4 vessels all < 8 ATM
Aorta > 8 ATM or CB

Systemic Artery (not aorta)

Systemic Surgical Shunt

Systemic to Pulmonary Collaterals
Systemic vein

Pulmonary Artery > 4 vessels
Pulmonary vein

Stent Placement Systemic vein
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Aorta
Systemic artery (not aorta)

Ventricular septum

Pulmonary artery

Pulmonary vein

Systemic Surgical Shunt
Systemic Pulmonary Collateral
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Atrial Septum

Aorta

Systemic Artery (not Aorta)
Systemic vein

Stent Redilation

Pulmonary Artery Ventricular septum

Pulmonary vein

Other Myocardial Biopsy Snare foreign body

Trans-septal puncture

Atrial Septum Dilation and Stent
Any Catheterization < 4 days of Surgery
Atretic valve perforation

Atrial septostomy
Recannulation of Jailed Vessel in Stent
Recannulation of Occluded Vessel

RVOT includes RV to PA conduit or status post RVOT surgery with no conduit; ATM = atmospheres; CB = Cutting Balloon

Fig. 5.2 CHARM risk categories

data. Ultimately, four procedure type risk catego-
ries were created (Fig. 5.2) [37].

In order to assess the contribution of indicators
of hemodynamic vulnerability, data from the
multi-center registry were used to examine eight
separate hemodynamic variables for inclusion in
the risk adjustment method: cardiac index,
right ventricular (RV) systolic pressure, RV to
systemic pressure ratio, systemic ventricle
end-diastolic pressure, mixed venous saturation,
systemic arterial saturation, main pulmonary
artery systemic pressure, and main pulmonary
artery mean pressure. Multivariable modeling
identified four indicators of hemodynamic vul-
nerability which were independently related to
the occurrence of high-severity AEs: systemic
ventricular end-diastolic pressure >18 mmHg,
systemic arterial saturation <95 % (or <78 % if
single ventricle (SV)), mixed venous saturation
<60 % (or <50 % if SV), and pulmonary artery
systolic pressure >45 mmHg (or mean >17 if
SV) [33]. Cases were categorized as having
none, one, or two or more of these four indicators.

The final CHARM model combined procedure
type risk category, number of indicators of hemo-
dynamic vulnerability, and age <1 year [33].
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Fig. 5.3 Standardized adverse event ratios (SAERs)

This model can be used to make comparisons
across programs or practitioners by calculating
standardized adverse event ratios (SAER)
(Fig. 5.3). Similar to an SMR, an SAER value
greater than 1.0 indicates a program for which the
observed rate of high severity adverse events is
higher than would be expected given its case mix,
while a value less than 1.0 indicates that the
observed rate of high severity adverse events is
lower than would be expected. The CHARM
model received full endorsement from the
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National Quality Forum in 2012 as a pediatric
quality measure.

The National Cardiovascular Disease Regis-
try™ (NCDR®) IMPACT Registry™ has recently
begun collecting information about pediatric and
congenital cardiac catheterization procedures
[38]. Version 2, expected in 2014, will incorpo-
rate the CHARM methodology.

Summary

Infants and children with congenital heart disease
are a very diverse clinical population, and vary
considerably in size, anatomy, and physiology.
Despite this, over the past decade risk adjustment
tools have been developed that account for this
diversity in a variety of settings, including the
cardiac operating room, ICU, and catheterization
laboratory, to allow meaningful comparisons of
outcomes among practitioners and institutions.
These increasingly reliable methods, along with
multicenter data repositories, allow more accu-
rate benchmarking and guide improvement.
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Abstract

This chapter discusses the unique challenges encountered when
transporting critically ill pediatric patients with cardiac disease. Whether
they have congenital or acquired heart disease, ensuring adequate tissue
oxygenation is the primary goal when transporting these patients. Typical
strategies have to be modified for the transport process, but this is still
accomplished by adopting strategies that (1) optimize systemic oxygen
delivery and (2) limit systemic oxygen demand.

When considering transporting these patients, it is of paramount impor-
tance to have a well-trained team whose members are skilled with all ages
of pediatric patients, but especially neonates. There are further challenges
when transporting children on extracorporeal membrane oxygenation.
Communication between the referring and accepting institutions must be
complete but efficient and should be repeated several times throughout the
process in order to adjust management plans.

There are several specific diagnoses in pediatric cardiac critical care
that warrant special consideration. Extreme cyanosis associated with
D-transposition of the great arteries, requires optimization of systemic
oxygen delivery, but requires timely transit in order for balloon atrial
septostomy. Obstructed total anomalous pulmonary venous return requires
timely transit in order for surgical decompression of the obstructed pul-
monary veins. Patients with single ventricle physiology and impaired
systemic perfusion often require steps that limit pulmonary blood flow in
order to maximize systemic blood flow. Lastly, children with severely
impaired ventricular function are often very tenuous, and when consider-
ing any intervention, the benefits and risks should be weighed carefully.
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Introduction

From the neonate with a suspected cyanotic heart
lesion to the adolescent with newly diagnosed
cardiomyopathy, pediatric patients with cardiac
disease often present specific diagnostic and
management challenges that may require referral
and transport to centers with highly specialized
medical and surgical knowledge necessary to
provide care for these patients. Transport of crit-
ically ill children with heart disease, in particular,
requires close communication and coordination
of care between centers and an experienced trans-
port team able to manage the unique physiology
of this patient population. The purpose of this
chapter is to discuss fundamental principles to
consider when transporting critically ill children
with either congenital or acquired heart disease.
Further, though this chapter is not intended to
discuss any particular diagnosis in depth, there
are a few specific clinical situations that merit
special consideration.

General Principles

The wide range of potential anatomic diagnoses
in critically ill children with heart disease makes
initial management a daunting task, which is
made even more difficult during the transport
process. First, transporting these patients adds
a layer of complexity given the limited man-
power, equipment, and medications available
when en route. Second, since echocardiography
is the mainstay for diagnosis of the majority of
pediatric heart disease, and high-quality imaging
and accurate diagnosis may not be readily avail-
able at outlying institutions, many patients are
transported without a definitive cardiac diagnosis

or with only suspected cardiac disease as part of
the differential diagnosis. Despite these chal-
lenges, clinicians managing and transporting
patients with confirmed or suspected complex
cardiac disease should focus on one major basic
physiologic tenant, namely, the provision of ade-
quate tissue oxygenation. Therefore, this chapter
focuses on oxygen metabolism, specifically, the
balance between oxygen supply and demand and
application of these fundamental principles to
transport of critically ill patients with cardiac
disease.

Oxygen Supply

Oxygen supply (or oxygen delivery) is deter-
mined by both cardiac output and systemic arte-
rial oxygen content.

Cardiac Output

The primary determinants of cardiac output (CO)
are heart rate (HR) and stroke volume (SV), and
this relationship may be expressed as: CO =
HR x SV. The variables that determine stroke
volume are preload (e.g., ventricular diastolic fill-
ing), afterload (wall stress as determined by aortic
pressure or systemic vascular resistance), and
contractility. To increase cardiac output, one
must optimize at least one of these three
parameters.

Perturbations in heart rate and rhythm are not
uncommon in pediatric patients. These distur-
bances occur in isolation or may be associated
with congenital heart disease. Symptomatic bra-
dycardia, observed in neonates with congenital
complete heart block due to maternal systemic
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lupus erythematosus or in adolescents with sick
sinus syndrome after Fontan palliation, may
require interventions aimed at increasing heart
rate prior to and during transport. Cardiac trans-
port teams should universally have epinephrine
available, which can be utilized for its
B-adrenergic effects. However, if the diagnosis
is known in advance, the transport team could
consider a more selective chronotropic agent
like isoproterenol. Transvenous pacing may not
be feasible during transport but, with proper
sedation, transcutaneous pacing can be applied
if the patient’s heart rate does not respond
adequately to pharmacologic intervention.

Despite the direct relationship between HR
and CO, atrial or ventricular tachycardias may
impair cardiac output, particularly at fast ventric-
ular rates. Lack of atrioventricular synchrony and
impaired ventricular diastolic filling associated
with many tachycardias may lead to a reduction
in stroke volume and CO. Furthermore, a dispro-
portionately shortened diastole may impact cor-
onary artery blood flow that could be important in
certain patients with increased myocardial oxy-
gen demand. Specific therapeutic approaches for
tachyarrhythmias include both pharmacologic
and/or electrical cardioversion, depending on
the degree of hemodynamic compromise, the
particular arrhythmia substrate, and any underly-
ing cardiac disease. A complete discussion of
therapeutic approaches to tachyarrhythmias is
beyond the scope of the chapter. However, if
patients can maintain good perfusion and pulses,
then treating the tachycardia may not be neces-
sary prior to transport. In general, given the
potential for important side effects from certain
antiarrhythmic medications, the transport team
should try to avoid treating stable, hemodynami-
cally tolerated arrhythmias if possible so that a
catastrophic rhythm disturbance does not occur
during transport.

Preload, or ventricular diastolic filling, is gen-
erally reflected in a patient’s intravascular vol-
ume status and may be further guided by cardiac
ultrasound if available. It is important for the
transport team to note the amount of fluid already
given by the referring center and the patient’s
response to fluid boluses. Clinicians who are
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unfamiliar with caring for critically ill pediatric
cardiac patients may be too conservative or too
liberal with fluid resuscitation. Physical exami-
nation and chest roentgenogram become para-
mount in monitoring fluid resuscitation when
ultrasound is not readily available. While giving
intravenous fluid resuscitation as crystalloid or
colloid will likely be institutional specific, infus-
ing packed red blood cells may have additional
benefits in this population (see Arterial Oxygen
Content below).

Limiting afterload in order to improve cardiac
output is rarely feasible (or perhaps necessary) in
the acute setting of interhospital transport. In fact,
often times the vasoactive medications used to
support blood pressure during transport cause
vasoconstriction and increased afterload. Initiat-
ing afterload reduction may induce hypotension
and should be done judiciously in a more closely
monitored in-hospital setting rather than during
transportation. This is especially true for patients
with intravascular dehydration, ventricular out-
flow tract obstruction, pulmonary hypertension,
or severe ventricular dysfunction.

There is one major exception to avoiding
afterload reduction. In critically ill patients with
systemic to pulmonary arterial connections
(ductus arteriosus, surgical shunt, etc.), acute
afterload reduction may be beneficial. These
patients may show evidence of pulmonary
overcirculation and some degree of systemic
underperfusion, leading to decreased systemic
oxygen delivery. Initiation of a peripheral vaso-
dilator (e.g., a phosphodiesterase-3 inhibitor like
milrinone) prior to transport may be highly ben-
eficial by improving the pulmonary to systemic
blood flow balance.

Improving contractility is readily accom-
plished by the addition of inotropic medications.
The clinical indications for these medications are
similar to many intensive care settings and pri-
marily related to evidence for decreased systemic
ventricular systolic function. However, there are
a few specific considerations in pediatric cardiac
patients. First, when selecting inotropic medica-
tions for transport, the transporting team should
keep in mind the side effects of the medications.
For instance, a patient with impaired ventricular
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diastolic filling may not tolerate the chronotropic
effects of certain adrenergic agents. Second, ino-
tropic agents are generally sympathomimetic
drugs. Patients with catecholamine sensitive
tachyarrhythmias may have increasing dysrhyth-
mias with infusion of these positive inotropic
agents. Third, many newly diagnosed critically
ill cardiac patients are neonates and young
infants. Neonates and infants have relatively
immature calcium handling, and their myocar-
dium relies more heavily on extracellular calcium
concentration for adequate contractility. Thus,
they may be more responsive to calcium repletion
than older children or adults. Lastly, metabolic
acidosis can be detrimental to optimal cardiac
function and aiming for a normal pH should be
a goal prior to transport.

Arterial Oxygen Content

Optimizing arterial oxygen content may be one of
the most important interventions made by the
referring hospital or transport team, but it is
imperative that the pathophysiology is well under-
stood before specific therapies are considered. For
example, supplemental oxygen, while detrimental
in lesions with pulmonary overcirculation, is
essential in patients with pulmonary hypertension
and prohibitively cyanotic patients with transpo-
sition physiology or obstructed total anomalous
pulmonary venous connection.

The first consideration should be the patient’s
hemoglobin concentration. Extrapolating from
the equation for oxygen content, the greatest
amount of oxygen delivered to the tissues is
derived from oxygen bound to hemoglobin.
Since blood transfusion is impractical during
transport, if one desires to increase the oxygen-
carrying capacity, one must rely on the referring
institution to transfuse the patient prior to trans-
port. Since blood transfusion carries some incre-
mental risk, this decision needs to be considered
carefully and should not be performed routinely
in every patient with cyanotic or acyanotic
congenital heart disease. However, if there is
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significant hemodynamic instability or the sys-
temic arterial oxygen saturation is prohibitively
low, blood transfusion is of paramount impor-
tance to tissue oxygenation.

If systemic arterial saturation remains low, the
next consideration should be the presence of and
degree of lung disease. In this regard, the clinical
exam and chest X-ray should help guide manage-
ment decisions. In general, it is best to address
clinically significant respiratory issues prior to
transport. If there is respiratory distress in the
setting of a large pneumothorax or pleural effu-
sion, for example, then it should be evacuated
prior to transporting the child. Additionally, if
there is significantly increased work of breathing
or apnea, then the patient should be intubated and
mechanically ventilated for transport.

Supplemental oxygen administration is per-
haps the most controversial component of opti-
mizing arterial oxygen content. It is important to
remember that supplemental oxygen can range
from potentially harmful (e.g., shunt-dependent
single ventricle patients) to life saving, and
a rational approach to its administration should
be used on a case-by-case basis in consultation
with the accepting hospital.

Unfortunately, the greatest dilemma occurs in
neonates with suspected congenital heart disease,
and the definitive diagnosis is unknown. This
dilemma was examined retrospectively [1] and
patients on high levels of supplemental oxygen
were found to be most at risk for metabolic
acidosis and arterial hypoxemia upon arrival to
the accepting institution. This association,
however, does not imply causality. While one
could conclude that high levels of supplemental
oxygen led to pulmonary overcirculation, sys-
temic underperfusion, and the observed meta-
bolic derangements, one could also surmise that
the patients who are more critically ill required
higher levels of supplemental oxygen. What this
study did show was that there were no differences
in outcomes between groups who, during trans-
port, had SpO2 of <75 %, 75-85 %, or >85 %.
Thus, empirically aiming for oxygen saturations
in the 70s when the diagnosis is unknown is likely
an adequate goal during transport.
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Prostaglandin E1 Therapy

The final way to increase arterial oxygen content
is to increase effective pulmonary blood flow, or
the amount of deoxygenated systemic venous
blood that is pumped to the pulmonary capillaries
for exchange of alveolar oxygen. For certain
patients with congenital heart disease, this may
be accomplished with prostaglandin E1 (PGE),)
therapy. Pharmacologically, PGE; maintains
patency of the ductus arteriosus, and it can
increase pulmonary blood flow with right-sided
obstructive lesions (such as pulmonary atresia).
PGE; may also be used to increase systemic
blood flow in left-sided obstructive lesions.

PGE; therapy is indicated whenever a ductal-
dependent cardiac lesion is suspected. This gen-
erally occurs in one of two settings. The first
setting is a nursery or neonatal intensive care unit
in a patient with known congenital heart disease
by prenatal ultrasound or in a patient with central
cyanosis and suspected congenital heart disease.
The second setting is an emergency room when
a patient presents with cardiogenic shock or cya-
nosis following ductal closure. For the first situa-
tion, initial PGE,; dose is generally 0.03 mcg/kg/
min (to maintain ductal patency), while in the
latter setting, higher doses up to 0.1 mcg/kg/min
may be required to open a previously closed or
closing ductus arteriosus. Higher doses are asso-
ciated with higher rates of adverse side effects [2].
When accepting the initial transport request, the
transporting team will often recommend starting
prostaglandin immediately. However, on rare
occasions, the medication isn’t readily available.
Thus, PGE; should be a medication carried by the
transport team accepting the patient. It should be
remembered that PGE, can be given intravenously
or intra-arterially, if necessary.

Most infants can be started on PGE; infusion
safely, but it should not be initiated universally.
In fact, it may be detrimental to start PGE; in
patients with or with the potential for pulmonary
venous hypertension. One such example is total
anomalous pulmonary venous return (TAPVR)
with obstruction which is discussed below in
more detail. Briefly, in TAPVR there is
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a pulmonary venous confluence which does not
connect to the left atrium, but rather returns oxy-
genated blood to the right side of the heart
through connection to a systemic venous path-
way. If this pathway is obstructed anywhere
along its course, pulmonary venous hypertension
develops leading to pulmonary venous conges-
tion. In this circumstance, the addition of prosta-
glandins can further exacerbate pulmonary
venous obstruction and potentially worsen hyp-
oxemia. In infradiaphragmatic TAPVR, it is the-
oretically possible that PGE; may relax the
ductus venosus and improve obstruction, but
this remains controversial. Another example
where PGE; may be counterproductive is severe
aortic stenosis without an atrial septal defect.
While patients with severe aortic stenosis may
require patency of the ductus arteriosus for ade-
quate systemic blood flow, a patent ductus
arteriosus can also increase pulmonary blood flow
and raise left atrial pressure due to insufficient
egress of blood from the left ventricle. Similar to
TAPVR, this may lead to worsened pulmonary
venous hypertension and pulmonary edema. Thus,
initiation of PGE; in these circumstances must be
carefully considered on a case-by-case basis.

PGE,; has many side effects [3]. Generally,
side effects are well tolerated and are most likely
to occur during initiation of the drug. Conversely,
if patients have been stable on the PGE, infusion
prior to transport, side effects during transport are
much less likely. The two most important side
effects to consider during transport are hypoten-
sion and apnea. PGE; can cause peripheral vaso-
dilation which can lead to profound hypotension.
The transport team should be prepared to admin-
ister fluid and/or vasoactive medications to coun-
teract this effect.

Aminophylline can mitigate the risk of apnea
in patients on PGE, [4]. If, however, they become
apneic, the patient should be intubated. The ques-
tion of whether to prophylactically intubate neo-
nates on PGE; is controversial. One retrospective
study showed that neonates who were intubated
had a higher risk for a major complication
(defined as an acute change in cardiovascular,
respiratory, or neurologic status) than those who
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were not intubated [2]. This held true even when
the authors excluded those neonates who were
intubated emergently. Thus, the decision to intu-
bate a neonate on prostaglandin should be based
on the entire clinical picture, not merely the risk
of apnea with PGE, infusion.

Oxygen Demand

Although improving oxygen delivery is an
important principle for clinicians involved in
transporting pediatric patients with heart disease,
limiting oxygen demand is an equally important
strategy for the most critically ill children. How-
ever, it is important to consider each patient on
a case-by-case basis because not every patient
requires all of these strategies.

There are several strategies employed to
reduce oxygen consumption and decrease
demand. Common strategies include sedation,
intubation, and mechanical ventilation. Patients
with increased work of breathing and respiratory
distress, in particular, may benefit from sedation,
intubation, and mechanical ventilation.

Tachypnea alone is not an appropriate indica-
tion for intubation. Many patients, particularly
neonates with unrepaired congenital heart disease
and pulmonary overcirculation, are tachypneic
(but not in distress). Typically, these patients
are able to regulate their own minute ventilation
and maintain a normal pH and pCO, without the
need for intubation and mechanical ventilation.
Intubating these patients prophylactically can
lead to unnecessary complications, and the
patients may actually be more difficult to medi-
cally manage on the ventilator.

It should be noted that there are a few impor-
tant groups of patients in whom sedation, intuba-
tion, and mechanical ventilation may be
detrimental and should be used with caution.
For example, patients with severe systemic ven-
tricular dysfunction can be very tenuous with
their circulation dependent on high endogenous
catecholamines. Any disturbance could cause cir-
culatory collapse and should be avoided unless
medically necessary. If sedation is necessary,
then sedative choice should be aimed at
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combating this risk. These patients are discussed
in more detail later in the chapter under the
Special Considerations section. Another group
of patients who merit careful consideration prior
to sedation, intubation, and mechanical ventila-
tion are single ventricle patients palliated with
cavo-pulmonary connections. Since pulmonary
blood flow relies on passive blood flow from the
systemic venous circulation, positive pressure
ventilation and the loss of negative intra thoracic
pressure may have significant detrimental effects
on cardiac output.

Another strategy to limit oxygen demand is
neuromuscular blockade. This is generally
reserved for the most critically ill patients and
necessitates the above strategies of sedation, intu-
bation, and mechanical ventilation.

Perturbations in core body temperature can
lead to increased oxygen demand. Thus, the
usual goal during transport should be to maintain
normothermia. This is a challenge for neonates
(especially premature neonates) with immature
thermoregulation. Hypothermia is a risk not
only for neonates but also for any patient due to
environmental exposure during the transport pro-
cess. This risk should be minimized with thermal
blankets, layering, hats, etc. Hypothermia pro-
duces a stress response, but it also can lead to
shivering, which causes increased oxygen
demand by skeletal muscles. Hyperthermia also
leads to increased metabolic demands, so fevers
should be treated aggressively.

Finally, critically ill patients should not have
enteral feeds to minimize any aspiration risk
during transport and in order to avoid the addi-
tional metabolic demand of increased mesenteric
blood flow.

Preparing for Transport

The transport process begins when the call is
received from the referring institution. In rapid
succession, several decisions have to be made:
how urgent is the transport, which institution
should provide the transport team, what mode of
transportation should be used, what transport per-
sonnel and equipment are needed, and to which
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unit or procedural suite within the accepting
institution will the patient be brought. The
answers for many of these questions, while criti-
cally important, are often institution specific and
will not be addressed in this chapter. However, in
general, these decisions should be made through
a collaborative process involving clinicians from
both the referring and accepting institutions.

Communication with the Referring
Hospital

Communication between the referring provider
and accepting provider is critical in understand-
ing the underlying pathophysiology involved.
This should be accomplished in a quick and effi-
cient manner so that the transport process can be
initiated appropriately. Table 6.1 describes the
typical information that should be obtained. The
focus should be on using precise language.
When communicating with referring institu-
tions, it is also important to avoid jargon. Lan-
guage that is used every day in a pediatric cardiac
intensive care unit may not be routine in other
units. For instance, instead of using language like
“pre-ductal” and “post-ductal,” say “right arm”
and “leg.” This can avoid confusion on the part of
the referring institution and avoid false conclu-
sions on the part of the transporting institution.
For the most critical transports, there will be
lag time between the initial call and when the
transport team arrives. The referring institution
should be instructed on what additional informa-
tion should be obtained and what therapies should
be initiated. A focus should be on the referring
institution’s available resources and what they
can do in the interim while they wait for the
transport team to arrive. Electrolytes and blood
glucose should be optimized. As noted above,
this is the only practical time when blood can be
transfused. Central venous access can often
be obtained depending on the unit in which
the child resides — neonatologists are adept at
umbilical lines while pediatric intensivists and
emergency medicine doctors are skilled at femo-
ral and other forms of central venous access. If
patients will require intubation, and the referring
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Table 6.1 Initial information necessary for the transport
of critically ill patients with cardiac disease

Age of the patient and any known cardiac diagnoses/
surgeries
Brief HPI and pertinent historical data

Physical exam findings with cardiorespiratory exam
and pertinent other findings with focus on:

e General appearance including color and perfusion

e Vital signs including heart rate, respiratory rate,
temperature, blood pressure (where obtained), and
oxygen saturation (where obtained)

Presence or absence of dysmorphic features
Work of breathing
Cardiac exam including palpation and auscultation

Presence of organomegaly (or jugular venous
distension in older individuals)

e Pulses: femoral and radial/brachial
Further diagnostic assessment

o Chest X-ray including heart size and pulmonary
vascular markings

o ECG or other assessment of heart rhythm
e Echocardiogram if available

o Laboratory results with close attention to blood gas
(including lactate) and hemoglobin/hematocrit

Initial stabilization measures
e Venous and arterial access obtained

e Medications given including drip rates of
cardiovascular medications

e Respiratory interventions with close attention to FiO2

physicians are comfortable, then patients can be
intubated.

Assembling a Team

The training attained by Emergency Medical Ser-
vice personnel is generally inadequate for the
transport of pediatric patients with congenital
and acquired heart disease. Even the attention
paid to this subject in Pediatric and Neonatal
Advanced Life Support training is highly limited
compared to the focus on more common pediatric
respiratory illnesses.

At least one nurse and one respiratory special-
ist are necessary for transport of the critically ill
child with cardiac disease. Each should have sev-
eral years of experience caring for pediatric
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patients. In particular, they should have experi-
ence in caring for critically ill neonates. It is not,
however, a prerequisite that they work in a unit
dedicated to pediatric cardiac critical care. How-
ever, if they lack that experience, then further
instruction in cardiac pathophysiology may be
necessary.

The decision to send a mid-level provider or
attending depends on the referring institution, the
accepting institution, to which unit the child will
be admitted, and illness severity. For instance, a
critically ill neonate for whom the diagnosis is
unclear maybe best served by the neonatal trans-
port team. Who goes on the transport is perhaps not
as important as the communication between the
transport team and the cardiac team (see below).

Finally, the team should bring any vascular
access devices and catheters that are appropriate
for the size of the patient. The decision whether or
not to obtain additional vascular access by the
transport team is patient specific. There is
a delicate balance between the additional time
necessary to obtain access and the time lost get-
ting the patient back to the accepting institution.
Therefore, to reiterate above, if the referring insti-
tution is able to obtain vascular access while the
transport team is en route, they should do so.

Communicating with the Accepting
Hospital

Once the transport team arrives and makes their
initial assessment, there should be communica-
tion with the senior cardiologist, intensivist, or
cardiac intensivist at the accepting institution.
A joint decision should be made for further sta-
bilization or to proceed with the transport. Prior
to the trip back to the accepting institution, there
should be an update to the senior physician. This
will serve as a way to answer questions he/she
may have had after the initial phone call, a way to
assess any interventions that had been performed,
and provide a chance for any last minute advice.
Similarly, updates from transport nurse to the
accepting nurse at the accepting institution may
be helpful to assure that the appropriate equip-
ment and staffing are readily available on arrival.
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Communication with Family

Lastly, it is imperative that members of the trans-
port team communicate with the family prior to
transporting an ill child. Usually the parents are
quite nervous and scared, and it is important that
the transport team explains the process and to
briefly let them know what they can expect once
they arrive at the accepting institution.

In addition, there are a few practical consider-
ations to discuss. First, obtain general informed
consent for transport and for any typical proce-
dures that might be anticipated such as intuba-
tion, central venous or arterial line placement,
and transfusion. If a cardiac catheterization, bal-
loon atrial septostomy, or ECMO may be
required, informed consent should be obtained
for these procedures as well. This will prevent
treatment delay at the accepting institution.

Second, as many contact phone numbers as pos-
sible should be obtained from the parents or guard-
ians. Often times, a single family member can go
with the child. However, if not, and the patient
needs to go to the operating room after arrival to
the accepting institution, then the surgeon will need
to be able to contact them. Likewise, the ICU team
at the accepting institution will need to be able to
reach the family if there is a change in status.

Special Considerations

Practically speaking, there are two primary situ-
ations in which a pediatric patient might need to
be transported to an institution with a higher level
of cardiac care. The first is when there is hemo-
dynamically significant congenital heart disease
and a diagnostic and/or therapeutic procedure is
required. If pediatric echocardiography is not
available at the referring institution, then that
procedure can be as simple as an echocardio-
gram. Even though fetal echocardiography and
prenatal diagnosis of congenital heart disease has
led to planned deliveries of neonates at special-
ized centers, there often is still a need for trans-
port [5, 6]. Many times, these patients require
further stabilization and/or an intervention only
available at the accepting institution.
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The second situation encountered is poor car-
diovascular function. This could be for a myriad
of reasons in patients with either known or highly
suspected congenital or acquired heart disease,
including cardiomyopathy, myocarditis, and
arrhythmia. The care of these patients, from the
neonates and infants to the older children and
adolescents, can be accomplished by applying
the principles outlined above combined with
disease-specific principles outlined elsewhere in
this book. This section will bring attention to
some specific disease processes. They deserve
extra attention because patients with these dis-
ease processes can be especially ill and appropri-
ate decision making can be the difference
between life and death. The approach to three
specific situations in neonates and infants will
be outlined, followed by ventricular dysfunction
most commonly observed in older children.
Lastly, transport on extracorporeal membrane
oxygenation (ECMO) will be briefly discussed.

Extreme Cyanosis and
Dextro-Transposition of the
Great Arteries

When dextro-transposition of the great arteries is
suspected or confirmed and the atrial septum is
restrictive preventing adequate mixing of oxygen-
ated and deoxygenated blood, affected patients can
be severely cyanotic and hypoxemic. If the refer-
ring institution is comfortable with transporting
the patient, and they are otherwise hemodynami-
cally stable, then that can be advantageous to
expedite transfer. Prohibitively cyanotic patients
(PaO, <30 Torr) can be palliated with the follow-
ing measures, but the required intervention is an
emergent balloon atrial septostomy. Patients
should be sedated and intubated in order to provide
100 % inspired oxygen. Prostaglandins should be
initiated to maintain the ductus arteriosus. Mild
respiratory alkalosis may decrease pulmonary vas-
cular resistance and promote pulmonary blood
flow. To improve oxygen-carrying capacity, target
hematocrit levels should be 45-50 %. Consider-
ation should be given to neuromuscular blockade
to decrease metabolic demand. Hypotension,
hypocalcemia, = metabolic  acidosis,  and
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hypoglycemia should be managed aggressively.
A small subset of patients with transposition phys-
iology will have increased pulmonary vascular
resistance and reverse differential cyanosis (i.e.,
right arm arterial oxygen saturation will be lower
than that of the leg). If this is indeed the case,
inhaled nitric oxide should be considered.

Extreme Cyanosis and Lung Disease

The care of cyanotic neonates with evidence of
pulmonary parenchymal disease usually falls to
the neonatologist, and the differential diagnosis is
broad. One potential congenital cardiac cause is
obstructed total anomalous pulmonary venous
return (TAPVR). The pulmonary venous hyper-
tension and pulmonary venous congestion that
develop can mimic pulmonary disease, and thus
the diagnosis of TAPVR with obstruction requires
a high degree of clinical suspicion.

When transporting these neonates, there are a
few important considerations. The first is that seda-
tion, mechanical ventilation, and high amounts of
supplemental oxygen may be required. Gas
exchange can be limited by pulmonary edema,
and this can somewhat be overcome by increasing
respiratory support and inspired oxygen. Further,
such universal measures as transfusion to increase
oxygen-carrying capacity and sedation/paralysis to
limit oxygen demand can be employed. However,
measures that would increase pulmonary blood
flow (starting PGE,) can serve to exacerbate pul-
monary venous obstruction and hypoxemia. Right
ventricular dysfunction can ensue secondary to
suprasystemic pressures, and severe hypoxemia
and metabolic acidosis may impact on left ventric-
ular function as well. Thus, inotropic medications
may be required.

The second, and most important consideration, is
that TAPVR with obstruction should be considered
a surgical emergency. Even if the patient is fully
supported on ECMO with normal oxygenation
saturations, there is unrepaired pulmonary venous
obstruction, progressive pulmonary venous hyper-
tension, and elevated pulmonary vascular resis-
tance. Timely surgical decompression of the veins
is necessary to limit irreversible damage.
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Single Ventricle Physiology with
Impaired Systemic Blood Flow

Patients with single ventricle physiology can have
systemic arterial oxygen saturations that are too
low, too high, or appropriate (relative to mixed
venous oxygen saturations). This section will not
discuss patients who have been surgically palli-
ated who present with severe cyanosis secondary
to acute thrombosis or stenosis of their systemic to
pulmonary artery connection. Rather, it will focus
on those pre- and postoperative patients whose
systemic to pulmonary artery connections are too
prominent. Whether through a ductus arteriosus or
surgical shunt, these patients can develop sys-
temic underperfusion at the expense of pulmonary
overcirculation. Vascular resistance that is too
high in the systemic vascular bed relative to the
resistance in the pulmonary arterioles drives this.

These patients often have relatively high arterial
oxygen saturations, metabolic acidosis, and possi-
bly elevated lactate levels. The first steps should
include limiting oxygen demand — sedate, para-
lyze, intubate, and mechanically ventilate. Concur-
rently, the patient’s oxygen-carrying capacity
should be optimized by assuring the hemoglobin
is optimized to at least 15 mg/dL. The transporting
team should optimize cardiac output by correcting
metabolic acidosis and hypocalcemia.

Since the underlying problem is the inappro-
priate balance between pulmonary and systemic
vascular resistance, the transporting team can
use several methods to shift that balance in favor
of systemic perfusion. Supplemental oxygen, a
potent vasodilator, should be avoided. Inhaled
nitrogen, which can lower the fraction of inspired
oxygen causing pulmonary vasoconstriction, can
often be equipped in transport vehicles. Thus,
the respiratory therapist should be alerted prior
to transport if nitrogen will be required. Ventila-
tion strategies achieving hypercarbia and mild
respiratory acidosis (and thus pulmonary vaso-
constriction) can also be utilized.

In the transport setting, decreasing systemic
vascular resistance may be more difficult. Phos-
phodiesterase-3 inhibitors such as milrinone can
be used; however, initiation of this medication can
lead to systemic hypotension. Ideally, milrinone
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infusion is started well before the transport team
arrives so that the patient is hemodynamically
stable before leaving the referring institution. Fur-
thermore, the transport team must be confident in
its ability to monitor systemic blood pressure dur-
ing transport if vasoactive drugs are used.

Severe Ventricular Dysfunction

From older infants to adolescents, children can
present with severe ventricular dysfunction at any
age from a myriad of etiologies. Those who
develop this dysfunction acutely or have an acute
on chronic process are those who appear most ill.
As far as the transport process is concerned, they
should be stabilized as any critically ill patient
should: hypotension should be treated with gentle
fluid resuscitation and vasoactive agents, and respi-
ratory failure should be treated with respiratory
support. If the underlying etiology can be effec-
tively treated (e.g., arrhythmia), then it should.

However, patients with severe dysfunction
may be “stable” and not require invasive support.
This is where very difficult decisions must be
made. If the patient decompensates en route, vas-
cular access and intubation can be exceedingly
difficult in an ambulance or helicopter. However,
patients who have severe chronic ventricular dys-
function can be very tenuous. That is, their lim-
ited cardiac output may be maintained by very
high sympathetic tone and endogenous catechol-
amines. Anything that disrupts this compensatory
process, namely, certain types of sedatives and
analgesics, can precipitate cardiovascular col-
lapse. Therefore, the decision to sedate a patient
for intubation or central venous access should not
be taken lightly. Before doing so, initiating a low
dose of an inotropic agent such as dopamine or
epinephrine may be indicated.

Transporting on ECMO

Sometimes, medical management is inadequate
to maintain cardiac output in pediatric patients
with severe cardiac disease. Extracorporeal
membrane oxygenation may become the only
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way to safely transport these patients to a higher
level of care. Transporting patients on ECMO
involves a well-coordinated plan with the coop-
eration of a large team.

Certainly there are problems that can occur
during transport. However, published data would
support this practice as safe. Complication rates
of patients transported on ECMO are similar to
any patient on ECMO [7-10]. ECMO circuits can
be designed specifically for the transport process.

The complexity of transporting patients on
ECMO comes when assembling and transporting
the medical/surgical team. At minimum, the team
should consist of six members. A medical pro-
vider with experience caring for critically ill pedi-
atric patients with cardiac disease should serve as
the team leader — this may be a senior fellow, an
experienced mid-level provider, or attending.
A surgeon with experience in neck and groin
cannulation is necessary to initiate ECMO. Two
perfusionists are necessary to initiate and manage
the ECMO circuit. Usually, at least one perfu-
sionist should have experience as a respiratory
therapist in order to manage the ventilator. Lastly,
two nurses are recommended as well.

The above-described team cannot all fit on a
single ambulance or helicopter along with the
patient and the ECMO circuit. Thus, two vehicles
are necessary to transport the team. At least one
perfusionist, one nurse, and the team leader should
return with the patient to the accepting hospital.

Conclusion

Transporting critically ill patients with cardiac
disease can be anxiety provoking, especially
when the diagnosis is unknown. The primary
goal is to get the patient from the referring insti-
tution to the accepting institution as swiftly and
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as safely as possible. This involves having an
experienced transport team in place, appropri-
ately utilizing the resources of the referring insti-
tution and optimizing the balance of systemic
oxygen delivery to demand. The latter requires
basic knowledge in cardiac pathophysiology,
knowing what interventions are available and
how those interventions impact the physiology
of the individual patient.
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Abstract

The care of children with cardiac disease who require intensive care
requires a thorough understanding of anatomy, fetal and neonatal physi-
ology, and an organized approach to the patient’s organ systems. An
organized approach to potential pathophysiologic states will enable the
caregiver to develop a proactive and, as much as possible, goal-oriented
therapeutic plan. The objective of this chapter is to provide clinically
relevant aspects on pre- and postoperative intensive care management of
children with cardiac disease.

Keywords

Acidosis « Cardiopulmonary bypass « Cardiac surgery « CHD « Congenital
heart disease « Cyanosis » Postoperative » Preoperative « Prostaglandin »
Transport « Vasopressin

Introduction: Clinical Presentation

Neonates and infants with congenital heart dis-
ease (CHD) can present with the following clin-
ical syndromes:

1.

Congestive heart failure: children and espe-
cially neonates will present with congestive
heart failure due to volume and/or pressure
overload. In neonates, the decline on pulmo-
nary vascular resistance will increase the pro-
portion of left-to-right shunting. Septal defects
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(i.e., patent arterial duct, large ventricular sep-
tal defects) can become evident in the first
weeks of life. Other lesions such as truncus
arteriosus will become manifest as the pulmo-
nary vascular resistance decreases and mild
cyanosis ensues. Neonates and small infants
will present with tachypnea and difficulty
feeding. BNP levels have been found to be
elevated in patients with suspected critical
cardiac disease and can serve as an adjuvant
in the diagnosis of these critically ill patients.
Using a cutoff of 100 pg/mL, B-type natri-
uretic peptide had a sensitivity of 100 % and
a specificity of 98 % identifying critical
cardiac lesions [1].

2. Low cardiac output: children with left-sided

obstructive lesions (i.e., mitral stenosis,
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Fig. 7.1 12-lead electrocardiogram demonstrating retrograde atrial capture after a single dose of intravenous adenosine
on a patient with atrioventricular reentrant tachycardia (AVRT) due to the presence of a concealed accessory pathway

critical aortic stenosis, Shone’s complex, and
hypoplastic left heart syndrome) can present
with signs and symptoms that resemble sepsis.
Studies have shown the overlap between these
two clinical syndromes [2]. A child with cold
extremities, sinus tachycardia with little beat-
to-beat variability, diminished arterial pulse
volume, hypotension, and acidosis should
raise the suspicion of decreased systemic out-
put due to myocardial dysfunction or left ven-
tricular outflow obstruction. Fluid boluses and
antibiotics may be important adjuvants for the
care of these patients but should not delay the
start of prostaglandins. Specifically, children
with aortic atresia may have the arterial duct
as the only source of coronary blood flow
through retrograde flow across the hypoplastic
aortic arch.

intravenous adenosine (0.1 mg/kg/dose)
administration can be an important diagnostic
tool that will uncover the mechanism of the
arrhythmia (Fig. 7.1).

. Cyanosis: persistent cyanosis in neonates and

young infants may be due to congenital
heart disease with right-to-left shunting or
pulmonary venous desaturation secondary to
parenchymal lung disease. Clinical determina-
tion of cyanosis is possible when there is at
least 3—5 g/dL of reduced hemoglobin. Impor-
tantly, desaturation (<95 % in the right arm or
a more than 3 % difference between right arm
and lower extremities) has been found to be
highly sensitive and specific when diagnosing
critical cardiac disease [3].

Children with incessant arrhythmias or Physical Examination
complete heart block with profound bradycar-
dia may also present in low cardiac output. Although the entire physical examination is
A 12-lead EKG that confirms upright important when evaluating the cardiovascular
P waves in lead I and aVF would confirm system, the following are key aspects of the
sinus rhythm or sinus tachycardia. If exam that enhance the individuals’ ability to

supraventricular tachycardia is suspected, determine abnormalities.
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Pulses: the brachial and femoral pulse should
be felt together for delay and amplitude; also both
brachial pulses should be felt together.

Skin color: nail beds and conjunctivae should
be assessed for cyanosis.

Liver palpation: this can be a very helpful
finding when trying to identify volume overload.
It is best done by feeling lightly from above the
costal margin and tracking down; this prevents
guarding specially from younger children. A soft
3 cm liver that does not cross the midline may be
normal, but a 4 cm tense liver that crosses the
midline likely due to enlargement of the left lobe,
also called the “failure lobe,” is a significant find-
ing. Measuring the liver span with a tape measure
provides a more accurate indicator of differences
in liver size when assessing and following load-
ing conditions and right ventricular dysfunction.
Palpation should extend to the pelvis, as the liver
can be enlarged to this level.

Lungs: rales in the infant and even young
children may be more a marker of infection than
pulmonary edema. Tachypnea and grunting may
be present in the absence of rales.

Cardiac: itis important to provide a framework
which, if applied rigorously, would improve the
accuracy derived from physical examination.
First, the examiner should aim to determine the
presence of right or left ventricular impulse. This
is done by positioning the palm of the right hand
over the left sternocostal margin and extending the
fingers towards the apex. Right ventricular
impulse is normal during the first few days of life
and as the pulmonary vascular resistance becomes
less prominent. Right ventricular impulse later in
life should make the clinician suspicious of ele-
vated pulmonary pressures. Also, in patient with
dextroposition or cardiac malposition, an abnor-
mal precordial impulse can alert the clinician to
direct a specific search on abnormal findings. In
order to auscultate, caregivers may adopt the tech-
nique of “dissection” previously described by
Liebman [4]. First, it is useful to listen to the entire
cardiac cycle in order to get an appreciation for the
cadence and to determine what is systolic and what
is diastolic. After some practice, it is generally not
necessary to feel the arterial pulse to determine
what is the first sound (S;) and what is systole.
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After that, the auscultator listens to each possible
sound and murmur, everywhere and in everyone
with discipline. Hence, initially the examiner lis-
tens only to Sy, nothing else. After listening on the
same manner over the aortic and pulmonary areas
for ejection clicks, midsystolic clicks, the second
heart sound (S,), opening snaps, the third heart
sound (S3), and the fourth heart sound (S,) if
present, the auscultator ends with listening to sys-
tole and diastole for murmurs with both the
diaphragm and the bell.

Chest Radiograph

Plain chest films are used as a screening modality
to evaluate for the presence of congenital heart
disease or acquired cardiovascular abnormalities.
They can provide anatomical and physiological
information. The practitioner should develop
and organized approach to the description of the
chest radiograph. Seven methodic steps may be
suggested: technique, situs, heart size and
chamber enlargement, pericardium, great vessel
anatomy, and pulmonary vascularity. The chest
radiograph can be helpful to exclude lung pathol-
ogy and if the concern for congenital heart dis-
ease is high and there is no echocardiography
available. Chest x-ray is unlikely better than the
physical examination in defining disease sever-
ity. It exhibits good accuracy and reproducibility
to identify significantly abnormal pulmonary vas-
cularity in children with congenital heart disease.
However, with a sensitivity of 24—-68 %, its abil-
ity to detect decreased pulmonary vascularity is
low [5]. In neonates undergoing evaluation for
congenital heart disease, the chest film has also
low sensitivity for structural heart disease
(26-59 %) with a negative predictive value of
46-52 %. Among neonates less than 2 kg or
younger than 35 weeks of gestation, the chest
film had even lower sensitivity for detecting con-
genital heart disease [6]. Although caregivers
should consider chest films with “classic pat-
terns” (“egg on a string” for transposition,
“boot-shaped heart” for tetralogy of Fallot,
among other), there are few “classic” films that
represent a specific diagnosis in neonates.
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Fig. 7.2 Chest radiograph demonstrating a “massive
cardiomegaly” in an infant with Ebstein’s anomaly of
the tricuspid valve

When “massive cardiomegaly” is present,
Ebstein’s anomaly of the tricuspid valve could
be evoked (Fig. 7.2). Massive cardiomegaly in
older children should raise the suspicion for
dilated cardiomyopathy or pericardial effusion.

12-Lead Electrocardiogram

The 12-lead electrocardiogram (ECG) is the best
diagnostic tool to determine the presence of sinus
rhythm. It is the gold standard for initial arrhyth-
mia evaluation but is unlikely to be better than the
physical exam in defining serious versus benign
heart disease. Although the rhythm strip from the
monitor in the intensive care can be helpful, it is
often insufficient when attempting to discern
rhythm characteristics and ischemia. A 12-lead
electrocardiogram can be helpful in patients with
myocardial ischemia and redirects the diagnosis
search (Fig. 7.3). In patients who remain hemo-
dynamically stable, a consultation with an
arrhythmia specialist is recommended before
antiarrthythmic therapy is started, as the initial
treatment choice would affect the efficacy of the
additional therapies needed.

Stabilization and Transport

The transport of acutely ill infants and children
between facilities requires a specialized team.
Physicians, nurse practitioners, nurses, and respi-
ratory therapists play an important role when
planning and executing the safe transport of
these patients. A report from Yeager et al. showed
that although transports to the cardiac intensive
care can be carried out without mortality, acidosis
(pH < 7.25) and desaturation (<70 %) are not
uncommon [7]. Start of prostaglandins should
take place if there is shock and sepsis is unlikely,
or when persistent cyanosis is unresponsive to
standard ventilatory management in the absence
of significant lung disease. A specific chapter
elsewhere in this textbook provides a detailed
discussion on this topic.

Prostaglandins

The determination of prostaglandin dependency
can be suspected from the fetal echocardiogram.
Having the neonatal team place umbilical vascu-
lar access may prove capital and may prevent
delays in initiating therapy with PGE,. PGE’s
are as a continuous intravenous infusion at
0.05-0.1 mcg/kg/min; once therapeutic response
is achieved, the rate is reduced to its lowest effec-
tive dosage. Maintenance doses are between 0.01
and 0.04 mcg/kg/min; higher doses may be
required in patients receiving ECMO support
[8]; apnea may be less likely to occur at doses
<0.015 mcg/kg/min [9]. In emergent situations,
PGE,; may be started at an infusion rate of
0.1 mcg/kg/min, but it is often possible to reduce
the dosage to !/, or even !/,, without losing the
therapeutic effect [10].

Acyanotic infants who have abnormal pulses,
poor systemic perfusion, cardiomegaly on chest
radiograph, and acidosis are more likely to have
a prostaglandin-sensitive lesion [11]. Also, the
presence of a murmur increases the likelihood
of a prostaglandin-sensitive lesion with the
chest radiograph typically showing normal or
oligemic lung fields due to reduced pulmonary
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Fig. 7.3 12-Lead electrocardiogram of a neonate with myocarditis due to enterovirus demonstrating ST elevation in II,
III, aVF, and V6, consistent with injury and QS patterns in V5-V7 suggesting acute lateral wall infarct

blood flow. And be more likely to starting PGE,
in a critically ill neonate is less likely to harm the
child stabilize a child with serious congenital
heart disease.

Preoperative Inotropes

The use of preoperative inotropes in children with
cardiac disease has not been well studied. There
is evidence that dopamine is more effective than
dobutamine in the short-term treatment of hypo-
tension in premature infants [12]. These authors’
group reported that outcomes of children less
than 2 years of age with higher inotrope scores,
including dopamine, and with lymphopenia
(absolute lymphocyte count <3,000 cell/mcL)
are associated with higher mortality and longer
length of hospital stay [13]. Dopamine use is
known to suppress the production of prolactin,
which is thought to play an important role in
lymphocyte proliferation; its absence can lower
the number of circulating lymphocytes [14].

If perfusion is adequate and end-organ function
preserved, inotropes are not necessary. Special
attention should be paid when treating poor perfu-
sion in children with ductal-dependent systemic

circulation and significantly diminished systemic
blood flow. Preoperative use of milrinone could be
deleterious as it decreases systemic and pulmonary
vascular resistance potentially exacerbating low
systemic cardiac output. Additionally, milrinone
may prove helpful improving ventricular function
and atrioventricular valve regurgitation in patients
with hypoplastic left heart syndrome when
presenting with pulmonary overcirculation and
systemic underperfusion. It may be recommended
trying to avoid preoperative inotropes in small
children with cardiac disease, even if the mean
arterial pressure is slightly lower than the gesta-
tional age.

Echocardiogram

The essence of preoperative echocardiography is
an accurate and complete diagnosis. Appropriate
surgical planning cannot be accomplished without
this data. The diagnosis can be made by transtho-
racic or transesophageal echocardiography.
Preoperative echocardiography must be struc-
tured and complete so that cardiac anatomical
abnormalities are not missed, as lesions may not
occur in isolation. Postoperative outcome is
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significantly worse if lesions are missed and thus

residual lesions remain.

In addition to specific anatomic considerations
below, echocardiography will determine ventric-
ular function which will impact timing of surgical
intervention and medical management both
before and after surgery. Evaluation of systolic
and diastolic function of both the left and right
ventricle is important in congenital heart lesions.

Important aspects to evaluate in patients with
single-ventricle anatomy include:

1. The anatomy and competency of the atrioven-
tricular valves, analysis of the presence of
straddling/overriding and the likelihood of
septation, and assessment of obstruction or
atresia of either atrioventricular valve. Signif-
icant atrioventricular valve insufficiency can
also impact surgical candidacy and medical
management in the perioperative period.

2. Determination of characteristics leading to
biventricular repair or single-ventricle
palliation.

3. Assessment of obstruction of either or both
semilunar valves or outflow tracts.

4. Determination of the need for a shunt,
a pulmonary arterial band, neither (balanced),
or a Damus-Kaye-Stansel- or Norwood-type
reconstruction to assure systemic outflow.

5. Evaluation of the status of the atrial septal
defect and restrictive physiology.

In children with heterotaxy syndrome, it is
extremely important to not only elucidate the
intracardiac anatomy but also fully evaluate
the systemic and pulmonary veins. Frequently,
these patients can have bilateral superior vena
cavae (especially important to document in case
of cannulation and for proceeding with a bidirec-
tional Glenn anastomosis) or else an interrupted
inferior vena cava. Hepatic vein entrance into the
heart should also be investigated in those patients
with an interrupted inferior vena cava with
azygous continuation. Pulmonary veins are fre-
quently anomalous, and it is especially important
to rule out obstruction in order to determine
surgical timing.

When children are undergoing biventricular
septation with closure of a ventricular septal
defect, it is important to assure that there are no
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additional defects that require closure. Missing
a ventricular septal defect can occur as the
ventricular pressures can be equal in defects
such as tetralogy of Fallot. Evidence of elevated
right-sided pressures by echocardiography can
also aid in the postoperative care of patients
with congenital heart disease. In children with
double outlet right ventricle, care should be
taken to delineate the location of the ventricular
septal defect as this can determine the possibility
of baffling/septation.

Cardiac Catheterization

With improvement in noninvasive diagnostic
modalities such as echocardiography, cardiac
CT, and MRI, diagnostic cardiac catheterization
is not indicated preoperatively in most congenital
heart lesions. Below are discussed some lesions
in which preoperative cardiac catheterization can
be helpful and/or indicated [15].

Balloon atrial septostomy may be needed in
neonates with transposition of the great arteries
to stabilize intracardiac mixing and thus tissue
perfusion prior to surgical intervention if there
is significant cyanosis due to atrial septal restric-
tion, or in patients with moderate to severely
restrictive atrial septal communication and hypo-
plastic left heart syndrome.

In patients with pulmonary atresia with intact
ventricular septum, cardiac catheterization can
determine the coronary artery distribution and
whether there is right ventricular-dependent cor-
onary circulation, as occurs if there are proximal
stenoses of the coronary arteries with fistulae to
the right ventricle. In this case, decompressing
the right ventricle incurs significant risks of cor-
onary ischemia. Catheterization can also aid in
assessing the size of the right ventricle and thus
whether perforation of the pulmonary valve and
decompression of the right ventricle would ben-
efit the patient and allow the possibility of
a biventricular circulation or eventual one and
a half ventricle repair.

Patients with pulmonary atresia, ventricular
septal defect, and multiple aortopulmonary col-
laterals may also undergo preoperative cardiac
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catheterization to determine the anatomy of their
collateral flow. In addition to determining the
location of collaterals, catheterization determines
whether there is dual supply to lung segments,
and in this case, collaterals can be occluded to
limit this dual supply and promote supply from
the pulmonary arteries. Limiting collateral flow
also limits return to the heart when on bypass that
complicates surgical intervention.

If there is concern for pulmonary hyperten-
sion, cardiac catheterization can be helpful to
confirm the severity and also test reactivity with
oxygen, nitric oxide, and medications. This infor-
mation can help with perioperative treatment of
these patients.

In children scheduled to undergo a Fontan
completion, cardiac catheterization can deter-
mine the pulmonary artery pressure (pulmonary
vascular resistance), pulmonary artery anatomy,
ventricular end-diastolic pressure, and presence
of collateral vessels. Collaterals can be coiled at
the time of the catheterization, and distal pulmo-
nary artery stenoses not amenable to surgical
intervention at the time of the Fontan can be
ballooned or stented. Intrapulmonary arteriove-
nous malformations can be diagnosed and even-
tually embolized in order to limit postoperative
cyanosis. In children with heterotaxy syndrome,
it is also important to investigate the systemic
veins and rule out any connections in the abdo-
men that could lead to cyanosis postoperatively,
if not occluded. Separate hepatic vein drainage
should be evaluated as they would need to be
incorporated in the Fontan circuit. The pulmo-
nary veins should also be investigated to assure
that there is no obstruction as this would
negatively impact outcome in children undergo-
ing a Fontan completion.

CNS Evaluation

There is increasing evidence that children with
cardiac disease should have evaluation of their
neurologic status before surgical intervention as
lesions can precede bypass or circulatory arrest
[16—19]. These neurologic abnormalities can be
anatomic (congenital abnormalities), due to
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alterations in intrauterine blood flow or ischemia
from perinatal instability. Evaluation has tradi-
tionally been done by head ultrasound which can
evaluate for intraventricular and intracerebral
hemorrhage and at times infarction or ischemia.
Structural lesions can also be elucidated by
ultrasonography. Ultrasonography is portable
and noninvasive and does not require sedation/
anesthesia to perform, making it an attractive
modality in these children. There is recent data
promoting MRI evaluation as a more definitive
test to evaluate neurologic status [20]. The
benefits of the information obtained from
a preoperative MRI need to be weighed against
the risk of transport and the anesthesia or sedation
required to perform the test. If there are signifi-
cant hemorrhagic and/or ischemic lesions on
neurologic evaluation, the patient may benefit
from delaying surgery and the associated require-
ments for heparinization on bypass. In addition,
in the presence of neurologic anomalies, patients
can be screened for seizure activity that would
benefit from treatment. Research continues into
the long-term sequelae of these neurologic find-
ings and means to diminish further insults asso-
ciated with cardiac surgical intervention.

Renal Evaluation

Preoperative evaluation of the structure and func-
tion of the kidney is important as acute kidney
injury (AKI) is not infrequent in the postoperative
care of children with cardiac disease [21, 22].
Renal ultrasonography can rule out structural
lesions that would complicate the care of these
children [23]. It is important to know if the child
has vesicoureteral reflux and requires antibiotic
prophylaxis or has other anatomic abnormalities
that can impact renal function. Children with AKI
preceding surgery are at higher risk for further
deterioration with cardiopulmonary bypass and
especially with circulatory arrest. These children
are more likely to benefit from postoperative peri-
toneal dialysis, and a catheter can be placed at the
time of surgery. Peritoneal dialysis can lessen the
effects of AKI in the postoperative period by con-
trolling hyperkalemia and volume overload.
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Gastrointestinal Preoperative
Management

Preoperative feeding of neonates is a highly
debated topic. Children with prostaglandin-
dependent  systemic  circulation (HLHS,
interrupted aortic arch, coarctation), truncus
arteriosus, and aortopulmonary window are at
a significant risk for developing necrotizing
enterocolitis (NEC) [24]. These cardiac lesions
are associated with limited systemic blood flow,
increased pulmonary blood flow and resultant
risk for mesenteric ischemia, and decreased intes-
tinal oxygen delivery. There remains significant
debate with limited available literature in relation
to enteral feeding in these neonates preopera-
tively [25, 26]. There is a theoretical risk for
increasing gastrointestinal metabolic demands,
but benefits from early institution of enteral feed-
ing may also be considerable, particularly if
applying consistent and standardized feeding
algorithms. It is imperative, when instituting
enteral feeds in these patients, to monitor for
early signs of NEC, including feeding intoler-
ance, temperature instability, abdominal disten-
sion, and/or bloody stools. If these signs occur,
feeds should be stopped, abdominal radiography
should be performed serially, and antibiotics
should be instituted if there is concern for NEC.

Feeding Issues in Children with
Heterotaxy Syndrome

The primary issue in children with heterotaxy
syndrome is the presence of defects in organ
laterality associated with significant congenital
heart lesions that often require intervention in
the neonatal period. These children have
a significant risk of malrotation or non-rotation
of the bowel, and therefore, feedings should be
instituted with caution, especially in the
critical period after cardiac surgery when there
can also be limited splanchnic blood flow. As the
bowel is not attached in a normal fashion, there is
the risk of volvulus which can lead to necrosis of
the bowel. Children should be evaluated by
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abdominal ultrasound (identification of the orien-
tation of the superior mesenteric vessels) and an
upper GI series (position of the duodenojejunal
junction) to rule out malrotation. Feedings should
be instituted slowly with a high index of suspi-
cion for feeding intolerance and signs of obstruc-
tion. There is controversy of utility and timing of
a Ladd procedure to diminish the risk of volvulus.
Data from several institutions would recommend
expectant management in the neonatal period and
elective Ladd procedure when the child has sta-
bilized [27, 28].

Management of Oxygen Delivery

The main goal in intensive care both pre- and
postoperatively is maintaining adequate oxygen
delivery to the patient’s organs. This becomes
a paramount issue in the postoperative cardiac
patient, especially as they have a nadir in cardiac
output approximately 6—12 h after cardiopulmo-
nary bypass. Increasing oxygen delivery
(increased cardiac output and/or increased oxy-
genation) but also decreasing oxygen demands
(sedation, cooling) can be beneficial. Oxygen
delivery is dependent on systemic cardiac output,
oxygen saturation, and hemoglobin concentration
as delivery of oxygen (DO,) is dependent on the
product of arterial oxygen content (CaO,) and
cardiac output (CO): DO, = CO x CaO,. The
importance of tissue capacity to extract and con-
sume oxygen and the role of microcirculation
cannot be overstated. Though much of the
discussion will involve means to monitor cardiac
output and oxygen delivery and extraction, phys-
ical examination remains an important tool,
although there is evidence to state that the accu-
racy of the latter to detect early changes is poor
and operator dependent. It is therefore of utmost
importance to follow markers that aim to detect
changes in anticipation of shock, allowing care-
givers to address management timely enough to
avoid decompensation.

Basic means of monitoring cardiac output and
tissue perfusion include a comparison of core
versus peripheral temperature (an increased dif-
ferential can mean diminished peripheral
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perfusion) and evaluation of pulse wave ampli-
tude with pulse oximetry. Trending heart rate
pulse wave characteristics can help determine
volume status. Noninvasive blood pressure mon-
itoring can be helpful but tends to overestimate
low blood pressure and underestimate high blood
pressure. End-tidal CO, monitoring can be a sign
of acute changes in pulmonary blood flow.
Inadequate oxygen delivery can be demonstrated
by a metabolic lactic acidosis as tissue hypoxia
favors anaerobic glycolysis. Prolonged increased
lactate levels can be associated with worse per-
fusion and outcomes.

Mixed venous oxygen saturation (SVO,) is
a measure of oxygen extraction, and if low, can
be a sign of inadequate oxygen delivery. It is
especially important to monitor trends in mixed
venous saturation. This can be monitored
invasively (samples from a central venous line
in the superior vena cava or right atrium) or by
a surrogate measure — near-infrared spectroscopy
(NIRS) monitoring which has been shown to
correlate with invasive testing [29].

Near-Infrared Spectroscopy

Near-infrared spectroscopy (NIRS) will be exten-
sively discussed in a specific chapter elsewhere in
the textbook. NIRS displays a measurement of
capillary-venous  oxyhemoglobin  saturation
centimeters below the skin. Measurements are
displayed in real time and are noninvasive, thus
making the monitor an attractive means of mon-
itoring critically ill patients. Monitoring has been
studied both with cerebral and flank measure-
ments with flank measurements being higher
than cerebral measurements. A difference of
less than 10 between the flank and cerebral mea-
surements indicates a redistribution of perfusion
away from the somatic circulation and can be
a predictor of anaerobic metabolism. Decreased
flank saturations and a decrease in this differen-
tial may be an early predictor of necrotizing
enterocolitis. The relationship between hypoxia
on NIRS monitoring and organ injury has been
established with a normothermic threshold of
45 % being associated with cerebral injury [30].
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Increasing systemic oxygen delivery can be
accomplished by increasing cardiac output
(volume resuscitation, inotropes, treatment of
pulmonary hypertension, ventilation, assurance
of atrioventricular synchrony) or by increasing
oxygen content (increased supplemental oxygen,
increased hemoglobin). Specifics of management
in patient with single- or two-ventricle physiol-
ogy follow.

Single-Ventricle Physiology

In patients with single-ventricle physiologys, it is
important to balance systemic and pulmonary
blood flow as their combined cardiac output is
divided between these two systems and thus more
pulmonary blood flow leads to compromised
systemic blood flow. Patients with single-
ventricle physiology are also more dependent on
hemoglobin concentration as they are desaturated
at baseline and therefore their systemic oxygen
delivery is more dependent on their oxygen-
carrying capacity.

NIRS monitoring revealing a cerebral satura-
tion less than 45 % and flank saturations less than
60 % with the difference in the two values
approaching zero can predict shock, complica-
tions, and a longer ICU stay in single-ventricle
patients [30]. The real-time display of NIRS
monitoring aids in prospective management and
the ability to more closely assure an appropriate
balance of the systemic and pulmonary circula-
tions. It is generally more helpful to decrease
systemic vascular resistance (SVR) (Milrinone,
Nipride, or ACEI in some circumstances) rather
than increase pulmonary vascular resistance
(PVR) to balance the circulations and maintain
oxygen delivery. Increases in SVR in neonates
after stage-1 palliation for hypoplastic left heart
syndrome are especially dangerous as these may
lead to increased pulmonary blood flow and thus
cardiac output is stolen from the systemic circu-
lation. Studies have shown that to balance the
systemic and pulmonary circulations in patients
with single-ventricle physiology, it is more ben-
eficial to increase delivered CO, than provide
a hypoxic gas mixture as this provided better
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systemic oxygen delivery with the same fall in
pulmonary blood flow, thus balancing the circu-
lations without compromising systemic oxygen-
ation [31]. This is the case in preoperative
patients with hypoplastic left heart syndrome
and in those after stage-1 palliation. Children
after bidirectional Glenn anastomosis also benefit
from hypoventilation or a higher end-tidal CO, to
improve oxygen delivery as increased CO, leads
to increased cerebral blood flow, increased return
to the Glenn circulation, and thus improved
oxygenation. This needs to be carefully
counterbalanced by the risks of respiratory aci-
dosis that would compromise PVR. Negative
pressure ventilation can significantly increase
cardiac output in patients after a Fontan proce-
dure and thus improve systemic oxygen delivery.
In patients with a Fontan fenestration, it is impor-
tant that measures are undertaken to decrease
PVR as this leads to less shunting across the
fenestration and thus  better  systemic
oxygenation.

Two-Ventricle Physiology

The following are special considerations not
discussed above in patients with two-ventricle
physiology. In patients with left ventricular fail-
ure, it can be helpful to provide respiratory sup-
port, as noninvasive positive pressure or else as
invasive ventilation (depending on severity and
risks), since it decreases left ventricular
afterload and end-diastolic pressure (LVEDP)
promoting a better cardiac output and oxygen
delivery. Patients with two-ventricle physiology
and a shunting lesion can have issues with pul-
monary overcirculation as in the case with
a ventricular septal defect; this can overload
the failing left ventricle and lead to decreased
systemic flow. Limiting supplemental oxygen
can diminish pulmonary blood flow and aug-
ment systemic flow. Pulmonary overcirculation
can lead to pulmonary edema and resultant
pulmonary venous desaturation. Increasing
PEEP in these cases can improve pulmonary
venous saturation and thus systemic oxygen
delivery.
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Catecholamine-Resistant Hypotension

Initial therapy to treat low cardiac output syn-
drome should involve careful volume replace-
ment, adequate management of respiratory
status and cardiopulmonary interactions, and
inotropic and lusitropic support, but when this
fails, other management strategies need to be
used to maintain systemic perfusion and oxygen
delivery. There are also significant concerns
with catecholamine administration including
increased myocardial oxygen consumption,
increased systemic vascular resistance/afterload,
tachycardia, and risk of arrhythmias that can be
ameliorated with alternative therapies. Catechol-
amine-resistant hypotension is not an infrequent
issue in postoperative cardiac patients, especially
neonates. Options for therapy include vasopres-
sin, corticosteroids, and thyroid hormone
replacement.

Vasopressin is an endogenous hormone that is
released in response to increases in osmolality or
decreases in blood pressure or blood volume.
Vasopressin stimulates the Vy,, Viy,, V,, and V3
receptors in the body, resulting in vasoconstric-
tion, water retention, pulmonary arteriolar vaso-
dilation, and activation of various clotting
factors. Vasopressin can increase the sensitivity
of the vasculature to the vasoconstrictive effects
of intrinsic catecholamines, through the Vi,
receptor [32]. Vasopressin has also been shown
to be effective in the face of cellular acidosis and
is not affected by local vasodilators. In addition,
vasopressin does not cause tachycardia. Activa-
tion of the V3 receptors also augments ACTH
production and thus increases cortisol production
[32]. Low-dose vasopressin infusions can reverse
hypotension and improve end-organ perfusion
and urine output in pediatric cardiac surgical
patients [33, 34], and the effectiveness may be
due to a deficiency that can occur in catechol-
amine-resistant hypotension [35]. Infusions can
range from 0.01 to 0.04 units/kg/h. There are
concerns with splanchnic and peripheral ische-
mia, though this is infrequent at the above doses.
The infusion can be associated with significant
hyponatremia secondary to its effects on the
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Fig. 7.4 Impact of hydrocortisone administration in
patients with catecholamine-resistant hypotension after
surgery for congenital heart disease. Changes in the
mean arterial blood pressure in patients treated with
hydrocortisone (HC). Time (hours) before and after the

V, (aquaporin) receptors which lead to an
increase in free water retention. Paradoxically,
vasopressin infusions in catecholamine-resistant
hypotension often lead to increased urine output
as there is constriction of the efferent arteriole to
a greater extent than the afferent arteriole
leading to an increase in the glomerular
filtration rate.

Corticosteroids are another potentially effec-
tive treatment for catecholamine-resistant hypo-
tension (Figs. 7.4 and 7.5), the most frequently
used being hydrocortisone. The probable mecha-
nisms of action of corticosteroids in improving
hemodynamics in critically ill children include
reversing the downregulation of the adrenergic
receptors, increasing the plasma concentration of
norepinephrine and cytosolic calcium in myocar-
dial and vascular smooth muscle cells, treating
adrenal suppression, limiting inflammatory
capillary permeability and systemic vasodilation,
and improving the balance of pro- and anti-
inflammatory proteins [36—40]. Corticosteroids
are active, even if the child does not have adrenal
insufficiency (assessed with a cosyntropin stimu-
lation test). Hydrocortisone administration has
been shown to increase blood pressure and
allow for weaning of catecholamines in pediatric
patients after cardiopulmonary bypass [38, 40].
Hydrocortisone is given as a stress dose

initiation of HC administration and the time when HC
administration started are indicated (time points, mean,
SE; *p < .05 vs. the value at the time of initiation of HC
treatment)

(50-100 mg/m?*/day) and tapered so there is not
acquired adrenal insufficiency. Concerns with
steroid administration are hyperglycemia,
increased infection risk, gastrointestinal bleed-
ing, spontaneous intestinal perforation, and
neurodevelopmental concerns.

Another option therapy for catecholamine-
resistant situations is thyroid hormone replace-
ment. Initial data suggest that T3 replacement
increases cardiac index (especially in those with
longer bypass times), increases cardiac contrac-
tility, increases systolic blood pressure, and
decreases systemic vascular resistance without
changing diastolic blood pressure [41-44]. The
heart rate in patients increased or was unchanged,
but there were no serious dysrhythmias. Tj
replacement corresponded to reduced inotrope
requirements, decreased mean treatment scores,
and a decrease in the time to a negative fluid
balance [41-44]. Thyroid replacement can be
effective in cases when the thyroid axis has
been blunted by the administration of dopamine.

There have also been case reports of the utility
of methylene blue for catecholamine-resistant
hypotension leading to restoration of peripheral
vascular tone and weaning of inotropes. It works
through inhibiting the guanylate cyclase enzyme
blunting the vasodilation caused by release of
nitric oxide [45].
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Fig. 7.5 Impact of
hydrocortisone
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Bleeding

Bleeding is a frequent issue after cardiac surgery.
Not only are there extensive surfaces that can
bleed with multiple suture lines but also an inher-
ent level of coagulopathy from multiple reasons.
There is dilution of coagulation factors secondary
to cardiopulmonary bypass, consumption of
coagulation factors and platelets by activation
secondary to contact with the bypass circuit,
hypothermia leading to less effectiveness of the
clotting cascade, fibrinolysis activated by bypass,
and residual effects of the heparin required on
bypass. Sources of surgical bleeding should be
ruled out and intervened upon if necessary.
Patients should be warmed to normothermia as
this can improve the effectiveness of the patient’s
intrinsic coagulation system. Protamine should
be given if there are residual heparin effects. It
should be administered slowly, and patients
should be monitored for elevations in pulmonary
artery pressure, bronchospasm, and hypotension
which appear to be an immune-mediated
response. Laboratory evaluation should include
assessment of PT, PTT, fibrinogen, and platelet
count. A thromboelastogram (TEG) with and
without heparinase can also be helpful in

6h 12h

24h 48h 72h

Time

targeting therapy. If the TEG is abnormal but
normal with heparinase, then protamine should
be administered. If both samples are abnormal,
blood product administration steered by the TEG
profile can be helpful. A prolonged R is consis-
tent with a need for factors (fresh frozen plasma
and cryoprecipitate), and decreases in the maxi-
mal amplitude suggest a need for platelets [46]. It
is important to remember that neonates should
receive CMV-negative blood and blood should
be radiated, especially if there is a concern that
the patient may have DiGeorge syndrome.
Activated factor VII can also be used if other
measures are not successful. It converts pro-
thrombin to thrombin and reacts with activated
platelets which can lead to fibrin clot formation at
site of incisions/trauma and lead to a cessation of
bleeding [47].

Conclusion

Pre- and postoperative management of pediatric
cardiac patients is complex and multifactorial.
Successful outcomes cannot be achieved without
a well-coordinated interdisciplinary effort. Main
therapeutic goals concentrate on maintenance of
proper cardiac output and tissue perfusion,
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prevention and aggressive management

of

multiorgan dysfunction, nutritional support, and
reduction of morbidity. With critically ill cardiac
patients, anticipation matters and the use of tools

to

identify early signs of decompensation

allowing to timely address therapeutic deficien-
cies is of paramount importance.
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Special Considerations in the Medical
and Surgical Management of the
Premature Infant
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Abstract

Continued improvements in prenatal diagnosis, preoperative stabilization,
surgical techniques, and postoperative management strategies have pro-
duced improved outcomes and a more aggressive approach to the treat-
ment of congenital heart disease. These improvements are impacting the
decision-making algorithms in the premature infant with congenital heart
disease dramatically. A further understanding of this topic requires an
analysis of the impact of prematurity upon noncardiac organ system
maturation, the challenges of diagnosis and monitoring this particular
patient population, and finally an understanding of its association with
surgical decision making and outcomes.
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Introduction: Definitions and General
Implications of Prematurity

Advances in the medical and surgical treatment of
congenital heart disease (CHD) have led to
improved outcomes and the ability to successfully
manage highly complex disease entities. As sur-
gical techniques have evolved and perioperative
management strategies have become refined, the
ability of multidisciplinary teams to successfully
provide care to the infant with CHD has become
commonplace. The premature neonatal popula-
tion has perhaps benefited the most as a result of
these advancements.

A discussion of prematurity and its impact
upon CHD requires a distinction between prema-
turity and other neonatal classifications also often
discussed and analyzed such as low birth weight
(LBW) and small for gestational age (SGA). The
entity of prematurity is commonly correlated
with LBW as well as SGA. Prematurity is defined
as birth prior to 37 weeks gestation, whereas
LBW is defined as <2.5 kg and SGA as birth
weight less than 10 % predicted. Several studies
have demonstrated infants with CHD are more
likely to be SGA or of LBW when compared with
normal weight infants [1-3].

Prematurity rates have increased most within
the subset of late preterm births as defined by
34-36 weeks gestation. Overall, the rates of pre-
mature births in the United States continue to
grow and were upwards of 13 % of all births in
2006 [4]. In regard to LBW, single institution
retrospective studies have consistently described
increased hospital mortality rates for neonates
undergoing cardiac surgery. These mortality
rates range from 15 % to 21 % [5]. In comparison,
overall mortality rates for all children undergoing
surgical intervention for congenital heart disease
are near 4.0 % [6]. Multicenter, large database-
related studies have also identified birth weight
less than 2.5 kg as an independent risk factor for
surgical mortality across a broad spectrum of
disease entities [7] (Table 8.1).

Surgical literature on this topic has focused
more on birth weight rather than gestational
age. However, certain studies have looked at
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gestational age directly in regard to an associa-
tion with management principles for CHD.
For instance, in a large single-center study of
neonates with critical CHD, infants born at
37-38 weeks had a 2.3-fold greater adjusted
odds risk of hospital mortality when compared
to a reference group born at 39-40 weeks
gestation [8] (Fig. 8.1).

Cnota and colleagues investigated infants
born 34-40 weeks gestation to determine if any
relationship existed between degree of prematu-
rity and risk of death from CHD [9]. They studied
the national linked birth/infant death cohort
datasets and analyzed over 14.9 million records.
CHD deaths were noted to occur in 4,736 patients
or 0.04 % of the study population. Comparisons
across 1 and 2 week intervals were investigated.
All 2-week intervals were statistically significant
(»p < .01). The group argued that knowledge
regarding a clear decrease in CHD death rates,
as gestational age approaches 40 weeks, should
impact decision making regarding elective deliv-
ery for the sole indication of prenatally diagnosed
CHD. Such data clearly identifies the impact of
even mild prematurity upon prognosis.

The exact etiology for poor outcomes in
neonates with CHD who are born prematurely
is neither well defined nor understood. Incom-
plete maturation of noncardiac organ systems,
challenges regarding both diagnosis and
management in the preoperative and postopera-
tive settings, as well as the inherent surgical
decision-making controversies in this patient
population are all contributors to these poor
outcomes. As such, all of these topics will be
the focus of this review.

Impact of Prematurity on Specific Non
Cardiac Organ Systems

Neurologic

Neurologic development has been found to have
direct correlations with CHD. More specifically,
term newborns with CHD are known to have
an increased incidence of underdeveloped neuro-
logic function. Although brain development occurs
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Table 8.1 Birth weight and risk of surgical mortality for CHD Curzon et al. [7]

Single
ventricle
Norwood

Conduit/
shunt

TGA/VS
ASO

TAPVC
Repair

PA/VSD
Shunt

Coarctation
Arch repair

Single
ventricle
Atrial
septectomy
PA band
TGA/VSD
ASO
PA/VSD
Repair

PA/IVS
RVOT repair

Shunt
palliation
VSD
Primary
repair
PA band
AVSD
Primary
repair
PA band
Truncus
arteriosus
Repair

Tetralogy of
Fallot
Primary
repair

Mortality rate, overall
(n=3,022)

22.4 (584)

10.5 (191)

33(212)

12.0 (226)

6.1 (99)

3.5 (594)

40 (20)

9.6 (52)

5.3(133)

7.9 (38)

5.6 (36)
15.2(92)

1.7 (232)
0 (15)
4.1(73)

5.9 (17)

12.8 (102)

6.1(99)

Mortality rate, 1-2.5 kg
(n=517)

30.0 (90)

24.4 (45)

11.8 (17)

29.2 (24)

14.8 (27)

7.1 (112)

80.0 (5)

0(9)

0(17)

12.5 (8)

0 (6)
22.7(22)

8.0 (25)
0.0 (6)
50.0 (2)

0.0 (2)

17.4 (23)

53(19)

Mortality rate 2.5-4 kg
(n =2,505)

21.1 (494)

6.2 (146)

2.6 (195)

9.9 (202)

2.8(72)

2.7 (482)

26.7 (15)

11.6 (43)

6.0 (116)

6.7 (30)

6.7 (30)
12.9 (70)

1.0 (207)
0.0 (9)
2.8 (71)

6.7 (15)

11.4 (79)

6.3 (80)
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Risk ratio
(95 % CI) P?

1.43 03
(1.00-2.04)

3.97 <01
(1.76-8.96)

4.59 01
(0.96-21.90)

2.95 01
(1.39-6.23)

5.33 02
(1.04-27.46)

2.65 <01
(1.12-6.24)

3.00 32
(1.16-7.73)

NA 28
NA 33
1.88 39
(0.19-18.15)

NA NA
1.77 48
(0.66-4.72)

8.28 33
(1.22-56.23)

NA NA
17.75 08
(2.54-124.28)

NA NA
1.53 53
(0.52-4.51)

0.84 61
(0.10-6.79)

(continued)
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Table 8.1 (continued)

Mortality rate, overall Mortality rate, 1-2.5 kg  Mortality rate 2.5-4 kg Risk ratio

(n =3,022) (n=>517) (n =2,505) (95 % CI) P*
Shunt 8.3 (97) 7.4 (27) 8.6 (70) 0.86 .58
palliation (0.19-4.02)
Interrupted
arch
Repair 9.1 (110) 12.9 31) 7.6 (79) 1.70 .69

(0.51-5.61)

CI confidence interval, TGA/IVS transposition of the great arteries/intact ventricular septum, ASO atrial switch
operation, TAPVC total anomalous pulmonary venous connection, PA/VSD pulmonary atresia/ventricular septal defect,
PA band pulmonary artery band, TGA/VSD transposition of the great arteries/ventricular septal defect, PA/IVS
pulmonary atresia/intact ventricular septum, RVOT right ventricular outflow tract, AVSD, atrioventricular septal defect

P value is adjusted for hospital identity. Confidence intervals were not calculated for nonsignificant categories

54

45 -
40 -
35 -

30 -
25 -
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15 4

Hoapital mortality rate, %

11 1

g

Fig. 8.1 Crude hospital 0

]‘ 65 - ._.E-.u

I_l_lzs

mortality rate for each
gestational age group
(Costello et al. [8])

throughout pregnancy, the most distinct and
significant embryological changes occur within
the third trimester [5].

Oxygen delivery is of paramount importance
during this period of neurologic maturation. This
is likely the product of increased brain metabolic
demands during this fetal period. More specifi-
cally, increased neuronal activity is associated
with an increased dependency upon appropriate
oxygen and substrate delivery. The presence of
CHD, and its associated impact upon oxygen
delivery, can thus create a detrimental environ-
ment for appropriate brain maturation [10].

3738 39452
n= 360 n=3TE

GCompleted waaks of gastailon at birth

The most common form of brain injury
observed in premature infants is white matter
injury. This is also the most prevalent finding in
term infants with CHD. Inappropriate develop-
ment of oligodendrocytes, and the associated lack
of myelination, has been attributed to white mat-
ter injury. Preoperative brain injury in the form of
white matter abnormalities has been noted in
28-39 % of children with CHD. In addition,
40-63 % of newborns with CHD develop periop-
erative white matter injury [5].

Disease entities, which perhaps best support
the hypothesis of cerebral oxygen delivery as
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being the main variable impacting brain matura-
tion, include transposition of the great arteries
(TGA) and hypoplastic left heart syndrome
(HLHS) or other single-ventricle physiology con-
ditions. Newborns with these forms of CHD have
brains that receive lower levels of oxygen-
saturated blood from the right ventricle as a
consequence of disordered fetal circulation. As
a result, these forms of CHD have attracted the
most focus in respect to investigational attempts
at better understanding the impact of CHD upon
neurodevelopmental maturation.

Miller and colleagues published their findings
of abnormal brain development in newborns with
CHD by focusing upon newborns with TGA and
those with single-ventricle physiology [11]. They
studied 41 term newborns (29 with TGA and 12
with single-ventricle physiology) and compared
them to a control cohort of 16 patients. They
employed magnetic resonance imaging (MRI),
magnetic resonance spectroscopy (MRS), and
diffusion tensor imaging (DTI) before cardiac
surgical intervention. The group focused upon
N-acetylaspartate to choline ratio, lactate to cho-
line ratio, and average diffusivity, and the frac-
tional anisotropy of white matter tracts as metrics
to evaluate brain maturation. As compared to
control newborns, those with CHD displayed
findings consistent with widespread brain abnor-
malities prior to undergoing heart surgery. In fact,
the imaging findings were consistent with those
in premature newborns and as such may reflect
abnormal brain development in utero.

Studies have also focused upon the possible
variations in cerebral growth within infants
who have CHD. Ortinau and colleagues studied
67 infants with CHD who underwent preopera-
tive MRI for analysis of brain development and
injury [12]. Their study population consisted of
26 children with single-ventricle physiology
(10 with right-sided and 16 with left-sided dis-
ease), 27 children with TGA, and 14 children with
two functioning ventricles but associated aortic
arch anomalies. There were 36 control patients.
Focal white matter abnormalities were noted in
28 (42 %) of the patients. CHD infants also
displayed smaller brain tissue measurements
than control infants in the frontal and parietal
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lobes as well as in the cerebellum and brainstem.
When cardiac groups were compared, those with
single-ventricle physiology had a smaller
brainstem area than those with a two-ventricle
circulation. Overall, the group described
a 4-week delay in brain developmental by use of
a maturation scoring system. In addition, they
noted regional variation in impaired growth with
the frontal and parietal lobes being most affected,
independent of white matter injury.

The concept of brain maturation scoring
derived by MRI-obtained data was also employed
by Licht and colleagues who studied children with
TGA and single-ventricle physiology in regard to
brain maturation [13]. Scoring for maturation was
a combination of four parameters including
myelination, cortical infolding, involution of glial
cell migration bands, and the presence of germinal
matrix tissue. The authors studied 29 neonates
with single-ventricle physiology (all HLHS) and
13 with TGA. Mean gestational age was 38.9
weeks. The mean total maturation score obtained
was significantly lower than reported normative
data in infants without CHD, corresponding to
adelay of 1 month in structural brain development.

Risk factors for pre- and postoperative brain
injury in this already susceptible and fragile
patient population include hypoxia, hypotension,
and physiologic parameters related to low cardiac
output. Mechanisms by which these insults can
be avoided in the perioperative setting are of
significant importance. Focused strategies on
peri- and postoperative risk factors have allowed
for the development of techniques involving car-
diopulmonary bypass and the use of cerebral
near-infrared spectroscopy (NIRS) to best recog-
nize and manage risk factors for brain injury. In
spite of this understanding and the many techno-
logic and therapeutic advances made in the care
of the neonate with CHD, the issue of preopera-
tive brain maturation delay is perhaps of most
importance. In fact, preoperative delayed brain
development has emerged as the most significant
risk factor for subsequent acquired brain injury.
The dramatic difference in neurologic develop-
ment seen in infants with CHD suggests that
novel and focused strategies on neuroprotection
may be required in this population.
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Respiratory maturation begins early in preg-
nancy. By the 16th—18th week of gestation, bron-
chiolar branching is completed with primitive
alveoli initiating gas exchange at approximately
24 weeks. Saccules form between 25 and
36 weeks and these saccules mature into alveoli
beginning at approximately 36 weeks gestation
[14]. By term, the alveolar count reaches
approximately 80 % of adult levels. Alveolar
simplification is frequently noted in this popula-
tion if lung biopsy is performed. Furthermore,
pulmonary interstitial glycogenosis frequently
accompanies immature alveolar development.

The association of neurologic developmental
concerns and its affiliation with respiratory func-
tion is of significance. Maturation of brainstem
regions and control patterns of breathing are
impacted in the moderate and late preterm infant.
The brainstem increases in length and volume
throughout gestation with initial growth during
the first half of pregnancy, but with continued
increments occurring later [15].

Several studies have described higher frequen-
cies of pulmonary disorders in the preterm infant
[16, 17]. Regarding all forms of respiratory mor-
bidity and overall respiratory failure, each week
gained until 39 weeks gestation reduces the risk
of respiratory morbidity. The Burgandy study, a
French epidemiologic study of singleton live-
born babies, evaluated this phenomenon in a
population of 173,058 moderate to late preterm
infants [17].

Twenty-four studies published between 2000
and 2009 consistently revealed that infants born
at 32-36 weeks experience respiratory-related
morbidity and mortality at higher rates than
term infants [18]. Of the 24 studies identified,
16 were retrospective population-based cohort
studies and 8 were observational. Levels of mor-
bidity were comparable to those observed in very
preterm infants. This study also focused upon
a discussion of infectious variables and the
increased overall incidence of RSV within this
patient population as well as an understanding of
the possible persistence of diminished lung func-
tion into adulthood.

S.A. Husain

Respiratory distress syndrome (RDS) is
reported to be five times more prevalent in the
premature infant and is the consequence of both
a qualitative and quantitative deficiency in pul-
monary surfactant in association with an overall
immature cardiopulmonary system [19]. The sur-
factant pool surges at approximately 35 weeks
gestation and continues to rise to a peak at term.
Increased surfactant, released from type II cells
into the alveoli, are also the product of maternal
uterine contractions and endogenous steroids,
both of which are decreased in prevalence within
preterm infants [14].

Bronchopulmonary dysplasia (BPD) is a more
chronic form of lung disease, most often found in
premature infants who developed RDS. It is read-
ily accepted as the most common lung disease of
infancy [20]. Surgical morbidity and mortality
are both increased in infants with an established
diagnosis of BPD. Mechanical ventilation is fre-
quently necessary in the management strategy for
the preterm neonate with CHD. This is especially
true in patients with anomalies that are associated
with increased pulmonary blood flow. Pulmonary
venous engorgement can often lead to decreased
pulmonary compliance and the increased work of
breathing associated with these anatomic chal-
lenges is not well tolerated. Chest wall and airway
compliance exceeds that of their noncompliant
lung counterparts, and this in turn further
decreases tidal volumes and minute ventilation.
Although the need for mechanical ventilation is
well accepted, its detrimental impact upon lung
inflammation and the release of inflammatory
mediators, both contributors to BPD, may create
a challenging clinical cycle. In addition, high
levels of inspired oxygen are a source of signifi-
cant pulmonary toxicity and thus associated
with worsening BPD. The currently accepted def-
inition for BPD is a requirement for supplemental
oxygen at 28 days of life, and its severity is
graded at 36 weeks corrected gestation based
on the persistence of an oxygen requirement
[21]. Although this definition is imprecise, it is
widely accepted that oxygen use at 36 weeks
correlates with a greater than 50 % chance of
poor pulmonary and neurodevelopmental
outcomes [5].
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Following cardiac surgery, mechanical venti-
lation is often required for significant periods of
time. This is especially true in the preterm, low
weight neonate who often has an open chest in the
immediate recovery period. Spontaneous ventila-
tion can be quite challenging secondary to chest
wall instability. Re-intubation rates are noted to
be higher in the preterm population following
cardiac surgery, upwards of 15-25 % in compar-
ison to <5 % in the term patients [22]. The
importance of either phrenic nerve injury with
its associated impact upon diaphragm functional-
ity or thoracic duct injury leading to chylous
effusions cannot be underestimated. Their inci-
dence is higher in the premature and low birth
weight population and, as a result, often leads
to more prolonged periods of mechanical venti-
lation and its associated detrimental sequelae. In
addition, challenges with long-term central
venous catheters in the upper venous system can
also increase the risk of venous congestion and
thrombosis, both of which are associated with
increased pleural effusions.

There has been a tremendous focus placed
upon the prevention of BPD, and the administra-
tion of antenatal steroids has been shown to
improve survival of these infants and reduce mor-
bidities such as necrotizing enterocolitis (NEC).
However, while antenatal steroids increase sur-
factant pools, they do not consistently decrease
the incidence of BPD. Although they may
improve short-term adaptation to air breathing,
they may also interfere with normal lung devel-
opmental patterns. Exogenous surfactant admin-
istration has also been suggested as a successful
preventative strategy. Although it has a role in
treatment for early RDS, its use has not had
a major impact on the incidence of chronic lung
disease in surviving infants [5].

Gastrointestinal

Understanding gastrointestinal issues associated
with prematurity are often limited to intestinal
anatomy and pathophysiology. Although gut
motility and feeding intolerance are of importance,
challenges associated with hypoglycemia, as well
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as hepatic immaturity and jaundice, are also
of significance. The most often described clinical
challenge in the preterm neonate regarding
gastrointestinal physiology is the management of
necrotizing enterocolitis (NEC).

Hypoglycemia
An expert panel convened by the National Insti-
tutes of Health in 2008 concluded that there
lacked an evidence based process in defining
what constitutes neonatal hypoglycemia and in
particular, how it relates to brain injury [23]. Low
plasma glucose defined as less than 40 mg/dl is
reported in upwards of 15 % of term newborns.
The frequency and severity of this complication is
higher in preterm infants. Following delivery, the
fetal blood glucose concentration falls due to the
interruption of placenta-driven glucose supply. In
low birth weight infants, gluconeogenesis is
active, accounting for 30-70 % of endogenous
glucose production. However, decreased glyco-
gen stores, immaturity of insulin response in the
beta islet cells of the pancreas, as well as
increased energy demands all found in the prema-
ture infant lead to hypoglycemic states [24, 25].
Unfortunately, there is no single concentration
of plasma glucose associated with clinical signs
that may be attributed to neonatal hypoglycemia
or the direct causation of cerebral injury. Treat-
ment must thus be based upon a flexible approach
guided by clinical assessment and not solely on
plasma glucose concentrations. In the premature
neonate with CHD, increased metabolic demands
and challenges with cerebral and systemic perfu-
sion only compound this ill-defined issue. Care
must be taken to include an aggressive strategy
focused upon serum glucose monitoring and
treatment for hypoglycemic episodes when
necessary.

Hyperbilirubinemia

Jaundice is the most common reason for hospital
re admission in the preterm infant. Severe
neonatal hyperbilirubinemia is defined as
serum total bilirubin levels >17 mg per 100 ml.
The risk of neurologic insult associated with
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hyperbilirubinemia is also increased in the pre-
term infant. There is an approximate eightfold
increased risk in the development of total serum
bilirubin greater than 20 mg per 100 ml in infants
born at 36 weeks gestation (5.2 %) versus those
born at 41 or 42 weeks gestation (0.7 % and
0.6 %, respectively) [26].

As with all infants, increased bilirubin is sec-
ondary to increased production as well as dimin-
ished metabolism and elimination. However, in
the preterm infant, production of bilirubin is
higher, perhaps due to a higher proportion of
senescent red blood cells. The placenta is the
primary route of fetal bilirubin excretion. Unlike
term infants, the hepatic conjugation system
remains immature to a greater degree and for
longer durations in the preterm infant [14]. Asso-
ciated feeding difficulties also lead to a delay in
the enterohepatic recirculation of bilirubin, fur-
ther exacerbating the hepatic bilirubin load.

Preterm infants must be monitored aggressively
for the potential toxicity of hyperbilirubinemia.
Rare cases occur, involving a progression from
elevated bilirubin levels to a state of acute bilirubin
encephalopathy. Kernicterus is a devastating and
debilitating condition described by the clinical
tetrad of the following:

(a) Choreoathetoid cerebral palsy

(b) High-frequency central neural hearing loss
(c) Palsy of vertical gaze

(d) Dental enamel hypoplasia

The US Pilot Kernicterus Registry, a database
of voluntarily reported cases of kernicterus, has
created a set of recommendations regarding pre-
vention of severe hyperbilirubinemia [27].
In addition, the American Academy of Pediatrics
Subcommittee on Hyperbilirubinemia has cre-
ated phototherapy guidelines that include defini-
tions for management strategies based on level of
prematurity as well as those with associated
higher risks, including infants with CHD. The
Netherlands Neonatal Research Network has
published treatment nomograms which can be
downloaded from http://www.babyzietgeel.nl/
index.php?id=135.

Recognition of these guidelines regarding def-
initions and management strategies is necessary
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for the multidisciplinary team caring for children
with CHD as the neurologic sequelae of neonatal
hyperbilirubinemia may be profound.

Feeding Intolerance and Necrotizing
Enterocolitis (NEC)

Feeding intolerance is a common challenge in the
preterm infant. Contributing factors include
issues with immature oral coordination and
swallowing mechanisms, as well as findings of
hypotonia and poor strength. In fact, the need
for supplemental parenteral nutrition is common-
place as recommended protein and caloric
requirements are unattainable with enteral
nutrition alone. Unfortunately, this approach
increases the risk of intestinal atrophy, hepatic
failure, as well as generalized bacteremia.
Preterm infants often fail to achieve intrauterine
growth rates. In addition, all preterm infants have
an increased risk of gastroesophageal reflux
disease, which further detracts from adequate
caloric intake and weight gain [28].

The intestinal tract not only functions as an
organ for digestion and absorption, it also has
responsibilities in the areas of immunity as well
as endocrine and exocrine functions. The intesti-
nal barrier plays a significant role in the preven-
tion of bacterial translocation and the initiation of
its associated inflammatory response. NEC is
associated with a host of inflammatory mediators,
which in concert are thought to promote the devel-
opment of intestinal injury. Intestinal permeability
is also higher in immature neonates in comparison
with term infants. In fact, the permeability of the
preterm intestine to carbohydrate markers such as
lactulose, exhibits a developmental pattern of
improved permeability with maturation.

NEC is one of the most worrisome disease
entities in the neonatal population. This is due
both to the rapid manner in which it may pre-
sent and intensify as well as the associated high
incidence of mortality (20-50 %). The inci-
dence of morbidity associated with long-term
motility difficulties may be the product of stric-
ture formation, short bowel syndrome, and the
development of chronic adhesions. Alarmingly,
upwards of 90 % of NEC cases occur in
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premature infants, and thus NEC is rarely
observed in older infants and children. Interest-
ingly, the more premature the infant, the later
NEC appears to occur subsequent to birth. It is
important to distinguish spontaneous intestinal
perforation from NEC. This form of gastroin-
testinal insult is not accompanied by intestinal
necrosis and is associated with the use of glu-
cocorticoids and indomethacin and not likely
with enteral feeding [29].

The association between CHD and NEC has
been well described. One of the most extensive
studies to focus on this association is from
McElhinney and colleagues who studied a cohort
of 643 neonates with heart disease at a single
institution [30]. Of note, 40 % of these patients
had single-ventricle physiology. Data was
recorded retrospectively in 21 patients with
NEC and 70 control neonates matched by diag-
nosis and age at admission. In particular, the
diagnosis of HLHS and truncus arteriosus was
independently associated with the development
of NEC by multivariate analysis. In addition,
earlier gestational age and episodes of low car-
diac output were also factors significantly associ-
ated with NEC by multivariate analysis.
Interestingly, hospital mortality was not
increased in the NEC cohort, although it was the
direct cause of death in nearly 20 % of patients in
whom it did develop.

The mechanism by which CHD predisposes
apatient to NEC has also been investigated. Carlo
and colleagues support the postulate that diastolic
runoff in the abdominal aorta and the subsequent
circulatory mesenteric insufficiency are associ-
ated with NEC [31]. Their group conducted a
case control study of infants with CHD and
proven NEC and consisted of a cohort of
18 patients. They compared this group with an
age and diagnosis matched cohort of 20 control
subjects. They concluded that persistent diastolic
flow reversal in the abdominal aortic Doppler
profile was associated with an increased risk of
NEC in infants with CHD irrespective of gesta-
tional age or anatomic type of CHD.

There is a prevailing lack of consensus
regarding preoperative enteral nutrition to
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prostaglandin-dependent neonates. A recent ret-
rospective review suggested that it was likely safe
in term neonates [32]. In a worldwide survey,
fewer United States caregivers (56 %) reported
routine preoperative enteral feeding in prosta-
glandin-dependent infants when compared with
caregivers outside the United States (93 %). Of
those respondents willing to feed, approximately
two-thirds did not base their decision on the
ductal flow direction [33]. Less is known of the
safety and role of preoperative feeding of preterm
prostaglandin-dependent neonates.

Clearly, several noncardiac organ systems
are prone to significant challenges in the pre-
term infant. More specifically, the challenges
posed by circulatory insufficiency create an
increased set of risks in patients with CHD.
Several associations are important to be recog-
nized. The impact of prematurity and hypogly-
cemia both play an important role in the
concerns for neurologic morbidity. When con-
sidering the impact of CHD upon cerebral per-
fusion and oxygenation, neurodevelopmental
variables require further important and focused
discussion. In addition, the need for pharmaco-
logic and possible mechanical mechanisms of
intervention to treat pulmonary dysfunction cre-
ates a significant challenge for the patient with
CHD. These therapies may be essential; how-
ever these can also have a detrimental impact
on the overall management of issues related to
prematurity. Finally, the importance of nutri-
tional stability and gastrointestinal maturation
in the preoperative optimization and postopera-
tive recovery for patients with CHD is impacted
by the challenges of prematurity in regard to
feeding intolerance, gut motility, and risk fac-
tors associated with NEC. Understanding this
complex set of associations lends strongly to a
system where multidisciplinary expertise
is employed in the management of such
patients. Involvement of neonatologists, cardiol-
ogists, anesthesiologists, surgeons, pediatric
intensivists, as well as other subspecialists is
essential in creating management strategies to
best care for these complex infants throughout
their hospital course.



140

Diagnostic Challenges in the Preterm
Infant

Diagnostic modalities employed in the neonatal
population regarding anatomic and physiologic
characterization of CHD include echocardiogra-
phy, CT, MRI, and cardiac catheterization.
There exist several challenges regarding these
modalities in the premature and LBW infant.
Issues surrounding vascular access, sedation,
and transportation, as well as overall diagnostic
accuracy, all play prominent roles in the
ability to perform diagnostic studies and obtain
accurate results with all of these aforementioned
modalities.

Echocardiography has long been considered
the goal standard as the diagnostic test along the
entire spectrum of CHD. It has been shown to be
highly accurate in both infants and children.
However, its accuracy has been found to
be more challenging in the low birth weight pop-
ulation. A paucity of studies exist which have
focused upon accuracy rates for diagnostic
procedures in the premature or LBW population.
In addition, the challenges of safely performing
these studies have not been well described.

Dorfman and colleagues examined the diag-
nostic accuracy of echocardiography in 251
infants with weight <2.5 kg with CHD com-
pared to a control cohort of 319 patients
matched for diagnosis [34]. The results of initial
echocardiograms were compared for diagnostic
accuracy with consensus diagnosis on the basis
of all confirmatory data available. The group
noted 13 major diagnostic errors in LBW
infants (5.2 %) compared to 6 in the control
group (1.6 %). In comparison, 20 minor errors
were found in the LBW group (8.0 %) versus 21
in the control subjects (6.6 %). The technical
quality of the studies was not statistically dif-
ferent in the two groups; however, a higher
proportion of the studies in the LBW group
were categorized as “poor” or “borderline”
quality (40 % vs. 28 %). As a result, the group
concluded that as surgical- and catheter-based
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interventions are extended, an increased aware-
ness of the diagnostic limitations of echocardi-
ography was warranted.

The requirement of a multidisciplinary
approach with anesthesia as well as cardiology
and radiology is essential when planning other
diagnostic forms of evaluation such as CT or
MRI. These modalities are not only of signifi-
cance regarding cardiovascular structural issues
such as aortic and pulmonary artery anatomy
but also becoming increasingly employed as
tools to risk stratify patients preoperatively for
neurologic related structural concerns. The trans-
portation of these fragile patients, required seda-
tion which may also include ventilator-related
management as well as the planning of the radio-
logic technique employed, all require a very con-
certed and structured plan for the best chance at
obtaining an accurate test within the safest of
environments.

As the ability of employing earlier therapeutic
strategies becomes more prevalent, the impor-
tance of obtaining the most accurate and precise
diagnosis with limited risk is becoming a key
component in the overall success of managing
premature and LBW patients with CHD.

Monitoring Challenges in the Preterm
Infant

The monitoring of preterm infants with CHD is
essential as seen by the multi-organ issues in
this fragile patient population. Hemodynamic
monitoring presents challenges as evidenced
by small patient size and a very labile hemody-
namic and physiologic environment. Costello
and colleagues describe an ideal comprehensive
hemodynamic profile to have specifically
defined characteristics and focus their discus-
sions on the difficulties associated with mainte-
nance of these characteristics across the
entire spectrum of gestational age and in the
presence of intra- and extracardiac shunting [5]
(Table 8.2).
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Table 8.2 Characteristics of an ideal monitoring method
for preterm infants Costello et al. [5]

Validated against an existing gold standard

Provides continuous measurements

Safe

Noninvasive

Feasible: practical, reliable, easily interpreted, cost-
effective

Accurate throughout the spectrum of patient populations

Currently, most NICU settings are limited to
noninvasive monitoring techniques which allow
for the assessment of continuous heart rate, blood
pressure, and oxygen saturation in addition to
various indirect measures such as capillary refill
time, pulse examination, central versus periph-
eral temperature difference, and serum lactate
levels. Normative ranges for all of these moni-
tored variables, blood pressure in particular, lack
established definitions in the premature patient
population.

Several monitoring modalities are worthy of
discussion, which address these challenges. They
include bedside limited echocardiography and asso-
ciated measurement of superior vena cava (SVC)
flow, as well as near-infrared spectroscopy (NIRS).
Echocardiography has the ability to provide longi-
tudinal assessment of myocardial function, sys-
temic and pulmonary blood flow, and the status of
ductal patency. Quantified SVC blood flow has
been shown to have a moderate correlation with
cardiac output and avoids the challenges associated
with cardiac output measurements made at the level
of semilunar valve annulus in patients with
known intra- or extracardiac shunting. In particular,
inappropriate SVC flow has been associated
with increased morbidity, mortality, and worse
neurodevelopmental outcomes.

NIRS measures regional tissue oxygen satura-
tion by quantifying the differential red and infra-
red light absorption by oxygenated and
deoxygenated hemoglobin. Unfortunately, much
like blood pressure, normative data in the prema-
ture infant has yet to be defined. In addition, NIRS
does not provide direct information regarding
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tissue oxygen consumption. More specifically, it
provides an insight into regional oxygen delivery.
There continues to be an evolving and growing
acceptance of this modality in the peri- and post-
operative CHD patient population. Disagreement
still exists as to the impact its use has on long-
term outcomes, most specifically neurodeve-
lopmental [35]. Unfortunately, upwards of 25 %
of patients undergoing a two-ventricle repair have
low cardiac output syndrome, and this is undoubt-
edly higher in the SVP population. Due to the lack
of an accepted and conventional postoperative
monitoring technique to assess cardiac output
and oxygen delivery, NIRS continues to gain
acceptance as a standard of care modality. Its
strength is derived in the focus on goal-directed
therapy to improve outcomes via a low-risk
and noninvasive means of collecting continuous
data [36].

Surgical Decision Making and
Outcomes for the Preterm Infant

The manner in which to approach operative deci-
sion making in the premature and LBW infant has
long been a topic of much discussion and contro-
versy. Discrepancies in philosophy have involved
many issues. Does prematurity or LBW have a
larger impact on surgical survival rates? Does a
strategy of delaying surgery to allow for growth
and development increase surgical survival rates?
How does one answer these questions with lim-
ited patients investigated and the inability to truly
construct a prospective study? These questions
are important not only to recognize but perhaps
more importantly to try and answer.

The impact of LBW upon cardiac surgical mor-
tality rates in infants with CHD has been well
documented. Curzon and colleagues published
a comprehensive analysis based upon the Society
of Thoracic Surgeons Database and described
a statistically significant increase in mortality
for infants with CHD weighing less than
2.5 kg undergoing operative intervention [7].
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Table 8.3 Mortality data by complexity scoring Curzon et al. [7]

Mortality rate, 1-2.5 kg Mortality rate, 2.5-4 kg Risk ratio

(n=517) (n =2,505) (95 % CI) P
RACHS-1
2 5.0 (139) 2.4 (709) 2.1 (0.89-4.97) .03
3 14.2 (183) 5.6 (840) 2.5 (1.62-3.99) <.01
4 21.9 (105) 9.7 (462) 2.3 (1.43-3.55) <.01
6 30.0 (90) 21.1 (494) 1.4 (1.00-2.04) .03
Aristotle
1 80.0 (5) 26.7 (15) 3.0 (1.16-7.73) 32
2 11.7 (222) 5.5 (876) 2.1 (1.36-3.37) <.01
3 13.6 (88) 5.2 (544) 2.7 (1.40-5.01) <.01
4 20.78 (178) 13.6 (965) 1.5 (1.10-2.13) <.01
Risk level missing 16.7 (24) 1.9 (105) 8.75 (1.7-45.04) .08

RACHS-1 risk adjustment for congenital heart surgery 1

The interventions cited included Stage I palliation
for SV disease, arterial switch procedure, repair
of total anomalous pulmonary venous return,
creation of a shunt for Stage I repair of pulmonary
atresia with intact ventricular septum, as well as
aortic coarctation repair. In addition, mortality
rates were shown to be higher within each
risk adjustment for congenital heart surgery 1
(RACHS-1) category of patients (Table 8.3).
Recently, Hickey and colleagues reported a
very comprehensive analysis comparing LBW
with prematurity as variables impacting surgical
outcomes [37]. This was within a further inves-
tigation into the question of delayed surgical
intervention to allow for a period of growth and
maturity. Several important conclusions were
reached. This study analyzed 1,618 patients
admitted to a single institution within 30 days
of birth for CHD over a 10 year time period.
The group began by employing univariate and
subsequently multivariable analyses to investi-
gate the impact of prematurity and birth weight
on survival. Both were associated with poor
outcome (p <.0001 for each) (Figs. 8.2 and
8.3). Gestational age strongly influenced subse-
quent risk of death and the relationship was
nonlinear. In particular, a gestational age <36
weeks was associated with a disproportionately

worse survival and was especially marked in
infants born less than 32 weeks. In fact, a
sub-analysis of the 1,320 children born at
37-42 weeks still described a significant survival
association with age (p=.0027). Infants born at
42 weeks were predicted to have an 11 %
increased survival in comparison to those born
at 37 weeks.

When directly comparing prematurity to
LBW, the latter revealed a more reliable associ-
ation with poor outcomes as based upon bootstrap
re-samples (53 % versus 99.6 %). The clinical
impact of prematurity was largely represented
by other factors with strong associations such
as unfavorable diagnoses, syndromic findings,
and clinical status. In contrast, LBW was associ-
ated with a higher early surgical risk over and
above other markers of poor prognosis
(Table 8.4).

When analyzing LBW, the group found its
nonlinear association with death to have an inflec-
tion point at approximately 2.0 kg (Fig. 8.3). As
such, a further analysis was performed upon the
149 infants who had a birth weight <2.0 kg to
investigate the merits of delaying intervention to
permit growth and maturation. The group divided
this patient population into several categories
based upon a thorough retrospective review of
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Fig. 8.2 Relationship a gqp -
between gestational age
and survival. (a) Histogram 800 -

depicting the distribution of
gestational ages in all 1,618
study patients. Term is
considered 37-40 weeks;
1,320 infants (82 %) were
born at term, and 294

(18 %) were premature
(only four infants were born
after term). Of the
premature children, 197
were born at less than 36
weeks, 49 at less than 32
weeks, and 13 at less than
28 weeks. (b) Nomogram
illustrating the nonlinear 04
relationship between
gestational age and survival

in the 1,557 actively

managed children. This b
relationship held true (and
was more pronounced) if all
1,618 children were
analyzed (including those
61 who received comfort
care only) (Hickey et al.
(37D

700 -

600
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300 -
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100 +

<26

Proportion alive at 1 year %

763

26-28 28-30 30-32 32-34 34-36 36-38 38-40 40-42 42+

Gestational age (weeks)

24

medical records. These categories included usual
and delayed surgical intervention, observation
(early intervention not necessary), noncardio-
vascular (higher priority non cardiovascular con-
ditions dictating care), and withdrawal (comfort
cares instigated owing to unfavorable prognosis).
Time-related survival was compared in the usual
versus delayed population. Univariate and multi-
variable risk adjustment analysis revealed no

32 36 40
Gestational age (weeks)

significant impact of a usual versus delayed strat-
egy. Important determinants of death in the
delayed cohort included antenatal diagnosis and
the cardiovascular diagnoses of total anomalous
pulmonary venous connection, pulmonary atresia
with intact ventricular septum, or truncus
arteriosus.

Limitations of the study included a small
sample size and heterogeneity of studied CHD
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Fig. 8.3 Relationship a 600 -
between low birth weight

and survival. (a) Histogram

depicting the distribution of 500 -

weights for all 1,618 study
patients. Normal birth
weight is generally
considered to be

3.0-4.5 kg; 928 (57 %)
infants were born with
normal birth weight.
Among the 652 born under
3.0 kg: 301 weighed less
than 2.5 kg (low birth
weight), 149 weighed less
than 2.0 kg, 61 weighed less
than 1.5 kg (very low birth
weight), and 16 weighed 0
less than 1.0 kg (extremely
low birth weight).

(b) Nomogram illustrating
the nonlinear relationship
between birth weight and
survival in the 1,557
actively managed children.
This relationship held true
(and was more pronounced)
if all 1,618 children were
analyzed (including

those 61 who received
comfort care only) (Hickey
etal. [37])
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519

1-1.5 1.5-2.02.0-2.52.5-3.03.0-3.53.5-4.04.0-4.54.5-5.0 5.0+

Birth weight (kg)

0.5 1.5

diagnoses and comorbidities, and the focus is
primarily upon death rather than more long-term
neurologic and other developmental sequelae.
Despite these limitations, the data seemed to
indicate a lack of consensus regarding an early
or delayed approach; however the realization
that a delayed approach did have a greater total
complication burden.

Regardless of timing and the overall under-
standing of increased risk and mortality,
advances in surgical techniques and the conduct

25 3.5 4.5
Birth weight (kg)

of cardiopulmonary bypass have resulted in
improved survival in both premature and LBW
infants. The acceptance that early complete
repair rather than a staged palliative approach
has also lent to the philosophy that operative
intervention on premature and LBW infants is
warranted [38]. Although there lacks a
prospective trial to evaluate the impact of
prematurity or LBW upon surgical outcomes,
there exist a significant number of studies
looking at individual programmatic surgical
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Table 8.4 Risk factors for death in all 1,557 of the 1,618 study children who were actively managed Hickey et al. [37]

PE
Early risk factors
Atrioventricular septal defect 1.16
Total anomalous PV connection 1.35
Pulmonary atresia, IVS 1.19
Syndromic 1.02
Cardiac arrest at time of diagnosis 2.35
Antenatal diagnosis 0.50
Birth weight (kg) —0.49
LV hypoplasia 1.63
Interrupted aortic arch 1.18
Apgar score at 1 min —0.15
Gestational age -
Late risk factors
Congenital CNS defect 3.11

P value Reliability (%)
<.0001 98
<.0001 98
.0002 84
.0007 78
<.0001 78
.0024 74
<.0001 73
<.0001 65
.0097 59
<.0001 51
57 -
<.0001 50

Gestational age was not a significant independent risk factor; when forced into the model, its level of significance
was.57. The only risk factor with acceptable reliability associated with increased risk of late phase death was presence of
a congenital CNS malformation. Similar analysis of all 1,618 study children (including those 61 who received comfort
care only) revealed precisely the same risk factors listed, with the addition of: presence of trisomy 13 (PE, 2.92;
P <.0001), presence of trisomy 18 (PE, 2.14; P <.0001), and presence of Turner syndrome (PE, 1.72; P =.018). PE
Parameter estimate, PV Pulmonary vein, IV intact ventricular septum, LV left ventricular, CNS central nervous system

results [39-44]. Overall survival rates for
infants undergoing corrective or palliative
reconstruction for CHD in these studies
were 80-87 % [22]. These rates were indeed
lower than for infants of normal weight with
similar cardiac lesions. In addition, although
most studies also confirmed an increased rate
of morbidity for surgery in the LBW infant
population; the combined effect of prolonged
attempts at growth on more chronic forms of
morbidity strengthened the argument for early
primary repair.

The evaluation and management of the
premature infant poses several challenges. The
importance of addressing other congenital
anomalies and genetic abnormalities is well
recognized. A multidisciplinary team is required
to address multi-organ issues, challenges
regarding diagnosis and monitoring, and finally
an overall comprehensive approach to peri-
and postoperative management. It is clear that
these infants pose higher risks for both morbidity
and mortality. However, current medical and

surgical strategies have allowed for absolute
survival rates that are quite acceptable.
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Abstract

Accurate knowledge of embryology is essential for interpretation of con-
genital cardiac malformations. Recent advances made in the understand-
ing of cardiac development now make it possible to appreciate the
morphology of not only the normal heart but also many congenital cardiac
malformations. This is true not only for the molecular mechanisms that
might lead to the malformations but also for the structure of the normal and
abnormally developing heart. In this chapter, we discuss the progress made
in demonstrating the structure of the developing heart, along with knowl-
edge of the changes that occur in the expression of the genes and their
products, which control the formation and differentiation of its various

components.
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Introduction

It is intuitive to believe that congenital cardiac
malformations can be understood on the basis of
disturbed cardiac development. The first person to
propose a classification for the congenitally mal-
formed heart, Maude Abbott, firmly believed that
knowledge of embryology was essential for inter-
pretation of congenital cardiac malformations [1].
Until recently, however, the necessary facts
regarding the formation of the heart have been
relatively deficient, often being based on retro-
spective interpretations of the morphology of the
lesions themselves. The situation has changed
markedly over the past two decades. Current
knowledge of cardiac development is now suffi-
cient to underscore the understanding of the mor-
phology of not only the normal heart but also
many congenital cardiac malformations. This is
true not only for the molecular mechanisms lead-
ing to the malformations but also for the structure
of the normal and abnormally developing heart.
The advances in understanding morphology
have, to great extent, been made possible by
techniques that now permit imaging the develop-
ing heart in three dimensions. In this chapter,
we combine this progress made in demonstrating
the structure of the developing heart with knowl-
edge of the changes that occur in the expression of
the genes and their products that control the for-
mation and differentiation of its various
components.

Formation of the Embryo and the Role
of the Heart-Forming Area

The cardiac primordium, usually described as
the heart tube, is first seen as an endothelial
structure during the process of embryonic fold-
ing. Subsequent to folding of the embryo, the

embryo is disc-shaped, with endodermal, ecto-
dermal, and mesodermal germ layers. At the
margins of the disc, these layers are continuous
with the walls of the amnion and the yolk sac,
respectively (Fig. 9.1). Already at the stage
when the embryo is a disc, it is possible to
recognize its right and left sides caudally due
to the presence of the primitive streak, which
has the node at its cranial end. The cells des-
tined to form the heart migrate bilaterally
through the anterior part of the primitive streak
during the process of gastrulation, entering the
developing mesodermal region to give rise to
the right- and left-sided heart-forming regions
[2-4]. These two areas then fuse across the
midline to create the cardiac crescent
(Fig. 9.2). The embryo then grows rapidly rel-
ative to the surrounding extraembryonic tis-
sues. As a consequence, and in conjunction
with embryonic folding, the original junction
between the embryo and the extraembryonic
tissues becomes no more than the eventual
navel (Fig. 9.3). The folding, which involves
all layers of the original trilaminar disc, results
in those parts of the disc initially positioned
peripherally  becoming transferred into
a ventral location. Hence, the endodermal
layer becomes rolled-up to form the gut, with
the developing mouth initially being closed by
the stomatopharyngeal membrane, itself
flanked caudally and centrally by future pha-
ryngeal mesoderm. This pharyngeal area, in
turn, is bordered peripherally by the cardio-
genic mesoderm, derived from the initial car-
diac crescent. The overall cardiac area is
contiguous with the mesoderm of the transverse
septum, in which the liver will develop.

Along with the folding of the embryo, the
heart-forming regions also fold, producing
a trough, which begins to close in the middle
to create the primary heart tube. In the past, this
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Fig. 9.1 The embryonic disc is a trilaminar structure,
with a mesodermal layer sandwiched between endodermal
and ectodermal layers. At the margins of the disc, the
layers are continuous with the extraembryonic structures.
The ectoderm has been removed in the cranial part of the
so as to visualize the mesodermal structures. The figure
was initially prepared for Chap. 3 of the third edition of
“Paediatric Cardiology,” written by Moorman, Brown,
and Anderson and published in 2010 by Churchill Living-
stone (Copyright in the figure is retained by the current
authors)

so-called primary heart tube was believed to
contain all the components of the definitive
heart, which then achieved their definitive posi-
tions subsequent to looping and partitioning.
We now know this not to be the case. The
cardiomyocytes forming the initial tube give
rise to little more than the left ventricular apex
and the muscular ventricular septum [5]. With
ongoing development, cells are added to form the
other cardiac components, the trough closing in
both cranial and caudal directions. Embryonic
folding also changes the relations of the cardiac
crescent to the developing body. The part initially
located centrally comes to occupy a medial and
dorsal position within the newly formed body of
the embryo, while the initial peripheral margin of
the crescent is the ventrocaudal part of the defin-
itive heart tube. The component of the heart-
forming area located medially, and added later to
the forming heart tube, is now often considered to

Cardiac | e,

crescent | "

Heart-forming
areas

streak

Fig. 9.2 Cells migrate from the primitive streak bilater-
ally to form the heart-forming areas and then the cardiac
crescent. Subsequent migrations of the heart-forming cells
from the cardiac crescent produce the heart tube. It has
become conventional to designate two of these migrations
as the first and second heart-forming regions, or heart
fields. It remains moot as to whether these areas are dis-
crete morphologically, as opposed to being temporal
events. The figure was initially prepared for Chap. 3 of
the third edition of “Paediatric Cardiology,” written by
Moorman, Brown, and Anderson and published in 2010 by
Churchill Livingstone (Copyright in the figure is retained
by the current authors)

be discrete from the larger part of the cardiac
crescent. Initially called the anterior heart field
[6-8], this area is now more usually described as
the second heart field, with this part itself now
further divided into cranial and caudal compo-
nents [9, 10]. As we will discuss, however, it is
questionable whether this entire cardiogenic area
should be considered as true distinct embryonic
“fields.”

Irrespective of such niceties concerning
description, the component of the heart-forming
area, lying centrally within the body of the devel-
oping embryo, is able to add material to both ends
of the initial heart tube. It is also able to contrib-
ute to the heart tube via its connections with the
pharyngeal mesenchyme. This portal, while it
exists, is known as the dorsal mesocardium.
Genetic lineage analyses have confirmed that
new myocardium is added at both ends of the
tube, which can be distinguished at its cranial or
arterial, and caudal or venous, poles [10, 11]. The
developmental program revealed by these ana-
lyses is directly comparable to that observed for
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Fig. 9.3 Subsequent to
folding of the embryonic
disc, its margins are no
more than the surrounds

of the navel (arrows). At
the completion of folding,
the heart is located in the
developing cervical region,
with the transverse septum
at its caudal end

differentiation of the initial heart tube from the
primary heart field, with involvement of the tran-
scription factors Nkx2-5, Gata4, TbxS, and
Mef2c, as well as fibroblast growth factors and
bone morphogenetic proteins [12]. Although
emphasis has been placed on the addition of
myocardial structures at the arterial pole [8],
non-myocardial tissues are also added through
this portal, while the suggestion has been
made that malformations involving the two poles
are a common phenomenon [13]. Morphological
boundaries, however, change markedly during
growth of the cardiac components. The suggestion
of morphologically discrete “fields,” therefore,
could reflect no more than temporal differences
in the movement of tissues from the initial heart-
forming area into the developing heart. In the
chicken, for example, the cells initially
present within the heart-forming areas,
depending on their position, can form all parts of
the definitive heart [14]. This observation is in
keeping with current views on cellular diversity,
with differences in the concentration of diffusing
morphogens being known to create a number of
different fates for a given cell, and hence
promoting diversity within an initially homoge-
neous field.

Mesoderm

Transverse septum

Formation and Looping of the
Heart Tube

When describing the development of the human
heart, it is customary to use the gradations
established subsequent to examination of the
series of embryos collected and studied in the
Carnegie Institute in the United States of
America. These stages extend from 1 through
23, although the heart in man continues to show
marked morphological changes subsequent to
stage 23, which is equivalent to no more than
about 8 weeks of development. The first signs of
the heart in the developing human embryo are
seen at stage 9, equivalent to about 20 days of
development [15]. At this stage, the myocardial
part of the heart is a mere strip, positioned ven-
trally relative to paired vascular channels, them-
selves having been formed ventral to the
developing foregut, with endocardial jelly inter-
posed between the myocardial and endothelial
layers (Fig. 9.4A). By Carnegie stage 10, con-
comitant with formation of the trough as
described above, the myocardial strip has folded
itself around the vascular elements, which them-
selves have fused to produce a solitary lumen.
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A ; Stage 8

Fig. 9.4 The reconstructions, modified from the work of
Sizarov and colleagues, show the changes taking place
during formation of the heart tube through Carnegie stages
9 through 11 in the human heart. The myocardium is
shown in gray, the margins of the pericardial cavity in
yellow, and the epithelium of the developing foregut in

The tube thus formed is enclosed within the
pericardial part of the intraembryonic coelom,
which at this stage is located within the cervical
region of the developing embryo (Fig. 9.4B).
Once formed, the connections of the lumen
with the developing embryonic circulatory sys-
tems permit recognition of the arterial and
venous poles. At the arterial pole, which is posi-
tioned cranially, the vascular elements extend
symmetrically through the developing pharyn-
geal mesenchyme as the first aortic arches. At
the venous pole of the tube, positioned caudally,
the systemic venous tributaries are also initially
symmetrical. They widen as they enter the peri-
cardial cavity, joining together to drain into the
primordium of the developing atrial component
of the heart tube. By stage 11, equivalent to
about 25 days of development, the tube becomes
S-shaped, now possessing a ventricular loop,
along with a discrete atrioventricular canal
positioned between the atrial component and
the inlet of the loop (Figs. 9.4C and 9.5). The
process of looping was initially considered to
reflect more rapid growth of the tube relative
to its containing pericardial covering [16].

B : Stage 10

C : Stage 11

green. The developing arterial channels are shown in red
and the venous tributaries in blue. The figure was initially
published in the second edition of “Hemodynamics and
Cardiology: Neonatology Questions and Controversies,”
edited by Kleinman and Seri (The copyright is retained by
the current authors)

Looping, however, occurs even when the tube
is separated from its arterial and venous attach-
ments and continues in the absence of beating,
thus excluding potential hemodynamic morpho-
genetic factors [17, 18]. Looping, therefore, is
probably an intrinsic feature of cardiac develop-
ment. One possible cause could reflect the
known presence of Tbx2 in the inner curvature.
This transcription factor is known to inhibit cel-
lular proliferation. If the inner curve was prolif-
erating less than the remainder of the tube,
which is also known to be proliferating at the
outer curve to produce the chamber myocar-
dium, then these combinations could underscore
looping. At all events, as a consequence of
looping, the tube usually curves to the right.
Such rightward turning, part of the breaking of
embryonic symmetry, is independent of mor-
phologically rightness or leftness within the
heart. This is because the apical components of
the right and left ventricles form in series from
the outlet and inlet parts of the loop, respec-
tively, while the atrial appendages grow in par-
allel from the initial atrial component of the
heart tube. In the setting of isomerism, therefore,
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Fig. 9.5 The reconstruction of the stage 11 human heart
prepared by Sizarov and colleagues, and shown as
Fig. 9.4(C), is shown here as seen from behind. It shows
the systemic venous tributaries opening in relatively sym-
metrical fashion to the atrial component of the heart tube.
An atrioventricular canal is now formed in left-sided posi-
tion, with the ventricular component having looped to the
right, with the outflow tract seen arising from its cranial
and right-sided end. The figure was initially published in
the second edition of “Hemodynamics and Cardiology:
Neonatology Questions and Controversies,” edited by
Kleinman and Seri (The copyright is retained by the cur-
rent authors)

it is only the atrial chambers that are symmetri-
cal, and then only their appendages [19]. The left
atrial appendage is derived from the left half of
the initial atrial component of the tube and the
right appendage from the right half. This is not
the case for the ventricles, since the apical part
of each ventricle develops from a part of the tube
containing both the initial right and left sides.
Thus, although it is frequent to find rightward
looping described as the first morphological evi-
dence of the breaking of cardiac symmetry, this
is not necessarily true. It is certainly untrue
when considered in the context of the so-called
visceral heterotaxy [20]. Morphological asym-
metry can be demonstrated ahead of looping on
the basis of the initial position of the atrioven-
tricular canal [21] and in terms of formation of
the atrial component of the initial linear heart
tube [15].

R.H. Anderson et al.

The Building Blocks of the Heart

The morphologic processes involved in the
formation of the heart tube are similar throughout
the vertebrate classes. A relatively normal elec-
trocardiogram can be recorded in mammalian
hearts shortly after the completion of looping as
described above and long before it becomes pos-
sible to recognize any anatomic components of
the so-called conduction system. In animals such
as fish, with unseptated hearts, it is also possible to
record an electrocardiogram, but in the absence of
any well-defined conduction system. The poten-
tial paradox is explained from knowledge of how
the cardiac components develop from their build-
ing blocks. The initial heart tube is short and
linear (Fig. 9.4A), being formed subsequent to
the initial migration of cardiomyocytes from the
heart-forming areas. Subsequent migrations from
the heart-forming area then produce the atrial
component of the linear tube, along with the
right ventricle and the outflow tract. As these
new parts are added, so the tube bends as
described above (Fig. 9.4B, C). Once the tube
has looped, it is possible to recognize the devel-
oping cardiac chambers as definitive entities, with
the appearance of the atrial appendages permit-
ting distinction at the atrial level and formation of
the apical components distinguishing between the
developing right and left ventricles. All these
newly appearing components balloon from the
initial linear heart tube [22]. Prior to the process
of ballooning, the cardiomyocytes forming
the walls of the linear tube are negative for
connexin 40 and atrial natriuretic protein. The
cardiomyocytes that form the walls of the atrial
appendages, and the apical ventricular compo-
nents, in contrast, are positive for both these pro-
teins. This permits distinction of the walls of the
initial tube as being composed of primary myo-
cardium, with the walls of the ballooning compo-
nents being made up of secondary, or chamber,
myocardium (Fig. 9.6). The persisting interposi-
tion of segments of the primary tube between the
chamber components then underscores the gener-
ation of a definitive electrocardiogram, since the
areas of primary myocardium conduct slowly,
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Fig. 9.6 The adjacent sections from a mouse embryo at
about 9.5 days of development, equivalent to about
4 weeks of human development, have been processed to
show expression of either connexin40 or atrial natriuretic
factor. The locations of the proteins show how it is possi-
ble to distinguish three specific myocardial phenotypes.
The primary myocardium of the initial heart tube, here
forming the atrioventricular canal and shown by the
brackets, is negative for both proteins, while the chamber

while the cardiomyocytes of the chamber myo-
cardium conduct rapidly. The persistence of the
initial linear tube in the inner heart curvature also
permits remodelling of the pathways for flow, so
that the atrial cavities can eventually become
connected directly to their respective ventricles
and the arterial trunks brought into alignment
with  their appropriate  ventricles. Such
remodelling is essential since, when first formed,
the atrioventricular canal is supported through
virtually all its circumference by the developing
left ventricle, while the outlet component is
supported almost exclusively by the developing
right ventricle. It is the realignment of the various
components within the inner curvature that per-
mits, eventually, the systemic venous return to be
directed to the pulmonary trunk, and the pulmo-
nary venous return to the aorta. Development of
the pulmonary venous return, however, requires
the involvement of yet another myocardial popu-
lation. These cardiomyocytes enter the heart
through the persisting dorsal mesocardial connec-
tion, being positive for connexin 40, but negative
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Molecular phenotype

Cx40-/ ANF-:
Primary Myocardium

Cx40+/ ANF+ :
Chamber Myocardium

Cx40+/ ANF-:

Mediastinal myocardium

myocardium, shown by the arrows, is positive for both.
The mediastinal myocardium, shown in the red oval, is
positive for connexin40, but negative for atrial natriuretic
factor development. The figure was initially prepared for
Chap. 3 of the third edition of “Paediatric Cardiology,”
written by Moorman, Brown, and Anderson and published
in 2010 by Churchill Livingstone (Copyright in the figure
is retained by the current authors)

for atrial natriuretic factor (Fig. 9.6). This third
population of cardiomyocytes, therefore, pro-
duces the mediastinal myocardium, which in
turn gives rise to the dorsal wall of the left atrium,
as well as providing the focus for formation of the
primary atrial septum [23].

Formation and Separation of the Atrial
Chambers

Subsequent to the process of rightward looping,
the intrapericardial atrial component of the heart
tube at the venous pole receives the systemic
venous tributaries, while the arteries extending
through the developing pharyngeal arches arise
from the outflow tract at the arterial pole
(Fig. 9.5). This situation is established by Carne-
gie stage 11 in the human heart and is equivalent
to embryonic day 9.5 in the mouse. At this stage,
the most caudal part of the atrial component
retains its attachments to the pharyngeal mesen-
chyme through the dorsal mesocardium, the
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Fig. 9.7 The scanning
electron micrographs show
the developing mouse heart
during embryonic day 9.5
(upper panel) and day 10.5
(lower panel). The upper
panel shows a short axis cut
across the dorsal
mesocardium. The
reflections of the atrial wall
into the pharyngeal
mesenchyme (arrow) form
two ridges that flank the
eventual site of opening of
the pulmonary vein. The
lower panel shows how
these reflections become
the pulmonary ridges, the
left sinus horn by this stage
having been incorporated
into the left atrioventricular
groove, its opening now
enclosed within the valves
of the systemic venous
sinus (The copyright in the
illustrations is retained by
the authors)

Right sinus horn

'I I'\ LA
systemic venous tributaries draining to the atrial
component in relatively symmetrical fashion to
either side of this area of attachment (Fig. 9.7,
upper panel). As already explained, the entirety
of the initial atrial component of the primary
tube, along with the myocardial walls of the sys-
temic venous tributaries, has a molecular pheno-
type, which is distinct from the walls of the
developing atrial appendages (Fig. 9.6). And,
already in the region of the persisting dorsal

ves of systemic venous sinus
1

Left sinus horn

“y

Pulmonary ridges

Left atrium

Pulmonary pit

>
\ o
Left sinus horn

RS

mesocardium, again as already explained, it is
possible to recognize those walls of the develop-
ing atriums which contain the cardiomyocytes
derived from the mediastinal mesenchyme. At
this stage, however, there has yet to be formation
of the lungs, which only subsequently bud for-
ward from the tracheobronchial groove. When
viewed from the aspect of the developing atrial
cavity, nonetheless, the reflections from the pha-
ryngeal mesenchyme of the walls to the right and
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left sides of the dorsal mesocardium can be rec-
ognized as the right and left pulmonary ridges,
enclosing a blind-ending, but midline, pulmonary
pit (Fig. 9.7, upper panel).

With growth of the lungs from the tracheo-
bronchial groove within the pharyngeal mesen-
chyme dorsal to the developing heart, there is
marked realignment of the systemic venous trib-
utaries, along with expansion of those walls of the
developing atrial chambers derived from the
mediastinal myocardium. The orifices of the sys-
temic venous tributaries are initially relatively
symmetrical as they open to the common atrial
chamber, but the Ileft-sided tributary soon
decreases in size relative to its right-sided coun-
terpart. Concomitant with this change, which
occurs during embryonic day 10.5 in the mouse
(Fig. 9.7, lower panel), the distal part of the left-
sided tributary becomes incorporated into
the developing left atrioventricular groove. As
the tributary becomes incorporated within the
groove, it retains its discrete wall, but its orifice
comes to open to the right side of the developing
atrial component (Fig. 9.8). At the same time,
folds become recognizable at the junction
between the right-sided atrial component of the
heart tube and the orifices of all the systemic
venous tributaries. Only subsequent to the
appearance of these folds, which are known as
the venous valves, is it possible to recognize the
terminations of the systemic veins as an anatom-
ical entity discrete from the right atrium, namely,
the systemic venous sinus or sinus venosus
(Fig. 9.7, lower panel, Fig. 9.8). The orifices
within the confines of the venous valves now
drain the blood from the right and left superior
caval veins, along with the inferior caval vein, to
the right atrium (Fig. 9.8). While these changes
have been taking place, veins have also appeared
within the developing lung buds that course
towards the heart. These venous channels join
together within the pharyngeal mesocardium,
with canalization of a previous midline strand
then providing an opening to the left side of the
atrial cavity through the floor of the pulmonary
pit. This connection of the pulmonary vein to the
developing left atrium, initially as a solitary chan-
nel in both man and mouse, heralds the increase
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Fig. 9.8 The image is from an episcopic dataset prepared
from a human embryo at Carnegie stage 14. It is a frontal
section through the developing atriums, with the primary
atrial septum seen in the atrial roof separating
the developing right and left chambers. By this stage, the
systemic venous tributaries have rotated at their entrance
to the heart so as to open to the right atrium within
the confines of the systemic venous sinus, the boundary
with the atrium now marked by the venous valves. The
orifices of the superior and inferior caval veins (SCV,
ICV), along with the opening of the left sinus horn, are
now within the confines of the venous sinus (The copy-
right in the illustration is retained by the authors)

in the size of the atrial walls formed from the
mediastinal myocardium. Another of the signs
of growth of the mediastinal myocardium is an
increase in the size of the right pulmonary ridge.
In addition, another ridge is formed at the atrial
roof, again made up of mediastinal myocardium.
This ridge is the primary atrial septum, or septum
primum (Fig. 9.8). Because of the rightward shift
of the orifices of the systemic venous tributaries,
the primary septum, as it grows from the atrial
roof towards the atrioventricular canal, is able to
separate the systemic venous sinus from the ori-
fice of the newly formed pulmonary vein. At the
same time, the endocardial jelly that initially
lined the entirety of the heart tube has changed
within the atrioventricular canal, by a process
known as endothelial-to-mesenchymal transfor-
mation, to become the superior and inferior atrio-
ventricular cushions. These cushions themselves
then increase in size, approaching each other
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Fig. 9.9 The image is from an episcopic dataset prepared
from a human embryo at Carnegie stage 15. It shows
a long-axis section in parasternal equivalent through the
atrioventricular canal. Endocardial cushions (white stars
with red borders) are opposing each other within the canal,
while the primary septum (single-headed arrow) is grow-
ing from the atrial roof towards the cushions. The space
between the leading edge of the septum and the cushions
(double-headed arrow) is the primary atrial foramen, or
“ostium primum.” Note that the left sinus horn is now
incorporated within the left atrioventricular groove,
possessing its own discrete walls (red star with white
borders) (The copyright in the illustration is retained by
the authors)

so (Fig. 9.9) as to divide the canal into right-sided
and left-sided channels (Fig. 9.10). The primary
atrial septum then grows towards these cushions,
carrying on its leading edge a mesenchymal cap,
which is continuous ventrally and dorsally with
the superior and inferior atrioventricular cush-
ions. The space between the mesenchymal cap,
the right pulmonary ridge, and the cranial edges
of the atrioventricular cushions is the primary
atrial foramen, or ostium primum. Ongoing
growth of the primary septum reduces progres-
sively the size of the primary foramen, with the
upper margin of the septum then breaking away
from the atrial roof to produce the secondary
atrial foramen, or foramen secundum
(Fig. 9.11). Such a secondary foramen is needed
so that, with eventual closure of the primary
foramen, the richly oxygenated blood entering
the heart from the placenta through the systemic
venous sinus remains able to reach the left side of

Ivimia ey atrial scptum

Right atrinm

Fig. 9.10 The image, now of four-chamber long-axis
plane, is from the same dataset as shown in Fig. 9.9,
from a human embryo at Carnegie stage 15. The cut is
through the inferior atrioventricular cushion. At this stage,
the primary atrial septum has not broken away from the
atrial roof (The copyright in the illustration is retained by
the authors)

the developing heart. Closure of the primary
atrial foramen is achieved by fusion of the mes-
enchymal cap of the primary septum with the
atrioventricular endocardial cushions, the cush-
ions by now also having fused with each other
(Fig. 9.12). This process is further reinforced by
ongoing growth of the right pulmonary ridge,
with intrapericardial migration through the ridge
of further tissues derived from the heart-forming
areas. The tissue entering the heart is initially
mesenchymal. Its expression of Isletl reveals its
origin from the second heart field [24, 25]. The
ventral growth into the heart of this extracardiac
tissue also carries forward the caudal ends of the
valves of the systemic venous sinus, anchoring
them to the right side of the fused endocardial
cushions. The mesenchymal tissues derived from
the right pulmonary ridge, along with the mesen-
chymal cap, then muscularize to form the antero-
inferior buttress of the definitive atrial septum,
thus forming the anchor for the persisting part of
the primary atrial septum, which becomes the flap
valve of the oval foramen (Fig. 9.13). These initial
processes of atrial septation are comparable for
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Fig. 9.11 The images are from an episcopic dataset pre-
pared from a human embryo at Carnegie stage 16. They
show a long-axis section in four-chamber plane through
the developing atrioventricular junctions. The lower panel
is a close-up of the area shown by the box in the upper
panel. The primary atrial septum has now broken away
from the atrial roof to produce the secondary atrial fora-
men (foramen secundum). The primary septum itself, with
its mesenchymal cap, is approaching the atrioventricular
cushions, diminishing the size of the primary foramen
(The copyright in the illustration is retained by the
authors)

man and mouse (Figs. 9.12 and 9.13), but signif-
icant differences are then seen in the mechanisms
required for postnatal closure of the oval foramen
in man when compared with the arrangements in
the mouse.

In the definitive heart of the mouse, the veins
bringing the oxygenated pulmonary blood to the

Fig. 9.12 The image is a four-chamber section from an
episcopic dataset prepared from a mouse embryo at embry-
onic day 13.5. It shows the structures that have grown
together to close the primary atrial foramen (ostium
primum). The inferior atrioventricular cushion is also adher-
ent to the developing ventricular septum. Note the forma-
tion of a second muscular atrial septum in the atrial roof
(The copyright in the illustration is retained by the authors)

left atrium enter through a solitary orifice. In the
human heart, in contrast, although initially a sol-
itary pulmonary venous orifice is formed adjacent
to the left atrioventricular junction, subsequent
growth moves the site of pulmonary venous
return to the atrial roof, initially through two
(Fig. 9.14), and eventually through four orifices
at the margins of the definitive left atrium. This
migration of the pulmonary veins to the atrial
roof is not complete until well after the comple-
tion of ventricular septation at the eighth week of
gestation. Only after the right pulmonary veins
have achieved their position in the atrial roof is
the deep infolding created between their connec-
tions to the left atrium and the connection of the
superior caval vein to the right atrium. It is this
superior interatrial fold that forms the “septum
secundum” in the human heart, with the flap
valve derived from the primary atrial septum
abutting against this structure after birth so as to
close the oval foramen (Fig. 9.14). Full anatomic
fusion between the flap valve and the rims of the
foramen takes place in only three-quarters to two-
thirds of the overall population. Those individ-
uals in which anatomic fusion does not occur
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Fig. 9.13 The image is a comparable four-chamber sec-
tion to the one shown in Fig. 9.12, but this time from
a mouse embryo at embryonic day 16.5. The vestibular
spine and mesenchymal cap have muscularized to form
the antero-inferior buttress of the atrial septum, while the
primary atrial septum itself forms the flap valve of the oval
foramen (foramen ovale). Note that, in the mouse, there is
formation of a secondary muscular septum at the atrial
roof. In the human heart, this septal structure is replaced
by the superior interatrial fold (see Fig. 9.14). The atrio-
ventricular cushions have formed the insulating plane
between the atrial and ventricular septal structures (red
dotted line) (The copyright in the illustration is retained by
the authors)

have persistent patency of the oval foramen. In
the mouse heart, in contrast, there is growth of
a true second muscular ridge from the atrial roof
(Fig. 9.13), although the ridge becomes continu-
ous dorsally with a fold between the solitary
pulmonary vein and the right atrial wall.

An integral part of atrial septation, therefore,
is incorporation of the left superior caval vein
into the left atrioventricular groove so that the
entire systemic venous sinus opens to the right
side of the initially common atrial part of the
heart tube. At all times, the left-sided caval vein
possesses its own walls, which are discrete from
the walls of the left atrium. In the mouse, the left
superior caval vein persists as a systemic venous
channel, bringing the blood from the left side of
the body directly back to the right atrium. In man,
in contrast, the cranial part of the left-sided

&
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Fig. 9.14 The histological section, stained with the
trichrome technique, is from a human embryo at 10
weeks’ gestation. It shows how, subsequent to migration
of the pulmonary veins to the atrial roof, there is formation
of the deep superior interatrial fold (arrow). It is this fold
that produces the so-called septum secundum, which in the
mouse is a true muscular septum, since the pulmonary
veins retain their position adjacent to the atrioventricular
junction in the mouse, opening through a solitary orifice.
In man as in mouse, nonetheless, the vestibular spine and
mesenchymal cap muscularize to form the antero-inferior
buttress of the atrial septum (The copyright in the illustra-
tion is retained by the authors)

channel regresses, persisting only as the oblique
vein of the left atrium, or the vein of Marshall.
The caudal part of the channel then becomes the
coronary sinus, which serves to drain most of
the venous blood from the heart itself back to
the right atrium. Should the intrapericardial part
of the left-sided channel not regress in man, then
it persists as the left superior caval vein. This
venous channel has a characteristic intraper-
icardial course, passing between the orifices of
the left pulmonary veins and the mouth of the left
atrial appendage to enter the left atrioventricular
groove and thence to open into the right atrium
via the mouth of the coronary sinus.

The temporal sequence of development of the
atrial septum serves to clarify the morphogenesis
of the different types of interatrial communica-
tions. It is often stated that the sinus venosus
defect exists because of absence of a wall com-
mon to the right atrium and the pulmonary veins,
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hence forming a true septum between the right
pulmonary veins and the superior caval vein [26].
In reality, however, there is no common wall
between these venous structures. Each possesses
its own wall. Instead, the sinus venosus defect is
the consequence of abnormal connection of one
or more of the right pulmonary veins to either the
superior or inferior caval vein, the abnormal pul-
monary vein, or veins retaining its or their left
atrial connection. The defect is no more than
a bridge between the venous channels, positioned
outside the rims of the oval fossa [27]. The
coronary sinus defect is also explained most con-
veniently on the basis of fenestration of an
alleged common wall that separates the cavities