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Etiology and Clinical Presentation in Cyanotic
Infants

ardiovascular dysfunction necessitates admission to a
critical care setting across the lifespan. The percentage
of pediatric intensive care unit (PICU) patients with
cardiovascular dysfunction was 13% to 38% in one multicenter study' and 19% in the American Association of
Critical Care Nurses 1999 role delineation study.2 Cardiovascular dysfunction may be the consequence of hypovolemia, myocardial dysfunction, cardiac rhythm disturbances,
increased afterload, or pericardial tamponade. It is important
to note that myocardial dysfunction may be either the result
of a primary cardiac problem or the final pathophysiologic
consequence of a variety of other problems. Cardiovascular
dysfunction can result in a low-flow shock state and
inadequate tissue perfusion.
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The clinical picture of the patient with inadequate tissue
perfusion can be clearly identified because low cardiac output results in physiologic compensation that is readily apparent on physical examination.
A common first sign of physiologic distress in infants and
children is tachycardia. Tachycardia occurs with fever,
anemia, hypovolemia, dyspnea, activity, and excitement or
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Cardiomyopathy
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anxiety. In fact, it is an ominous sign of cardiac dysfunction
if heart rate does not increase in the face of physiologic
distress. Persistent tachycardia during sleep is generally
nonphysiologic and warrants further evaluation. In addition,
following trends in heart rate over time is useful.
Tachycardia related to physiologic distress is the result of
sympathetic nervous system (SNS) stimulation. SNS stimulation also results in increased minute ventilation, whereby
respiratory rate and depth can increase.
SNS stimulation also results in peripheral vasoconstriction. As a consequence, arterial blood pressure is maintained, even in situations when cardiac output is low. Vasoconstriction elevates the diastolic blood pressure and
narrows the pulse pressure, maintaining mean and systolic
pressure at normal levels. Peripheral vasoconstriction is
clinically apparent by weak peripheral pulses, cool extremities, pallor, mottling, and prolonged capillary refill. These
are classic early signs of low cardiac output and decreased
tissue perfusion, even in the presence of "normal" blood
pressure.
If increased heart rate and peripheral vasoconstriction are
not sufficient to support decreased cardiac output, continued
SNS stimulation results in regional redistribution of blood
flow to ensure perfusion of vital organs. Blood is shunted
away from the skin, gastrointestinal tract, kidneys, and
liver to maintain circulation to the heart, lungs, and brain.
Decreased perfusion of the skin and subcutaneous tissue
is evident in mottling and cooling of the extremities
(Fig. 18-1). Inadequate perfusion of the gastrointestinal tract
is apparent when infants or children develop feeding
intolerance that may progress to the development of
paralytic ileus and/or gastrointestinal necrosis. Decreased
urine output is the consequence of inadequate renal blood
flow because the glomerular filtration rate is decreased.
Acute tubular necrosis (ATN) can be the eventual outcome.
Impaired hepatic function is evidenced by abnormalities in
coagulation, the development of jaundice, and increases in
liver function tests.
Determination of electrolyte, acid-base, and substrate
abnormalities is important in the care of pediatric patients

IlL
Fig. 18-1 Marked mottling of the skin in infant with regional
redistribution of blood flow caused by congestive heart failure.

with impaired tissue perfusion because of their effect on
cardiac performance. These abnormalities occur as the
consequence of decreased tissue perfusion and can compound cardiac dysfunction. Serum electrolytes, calcium,
glucose, urea nitrogen, and creatinine are measured to
establish their baseline values in patients with low cardiac
output, with measurements repeated at intervals determined
by the individual patient's physiologic status.
Arterial blood gases, pH, and base excess or deficit
provide specific information about the adequacy of tissue
perfusion and oxygenation. Metabolic acidosis develops
when tissues are inadequately perfused, with the subsequent
development of anaerobic metabolism. Lactic and other
organic acids accumulate and require buffering by the buffer
bases. This results in rapid use of the base buffers and a
resultant base deficit. Metabolic acidosis causes decreased
myocardial contractility and decreased adrenergic receptor
sensitivity and predisposes to myocardial irritability and
lethal cardiac rhythm disturbances.

FINAL COMMON PATHWAYS
Regardless of the cause of inadequate tissue perfusion, if
cardiovascular performance cannot be restored, the outcome
is similar in all. The possible consequences include impaired
cardiac performance, cardiac arrhythmias, cardiac arrest,
pulmonary edema, acute respiratory distress syndrome, and
irreversible central nervous system ischemia. Clearly the
goal is to intervene successfully in a timely manner before
these devastating sequelae occur.

PROVIDING BASELINE SUPPORT
Baseline care of patients with cardiovascular dysfunction is
predicated on minimizing metabolic demands, support of
respiratory function, and provision of nutritional needs.
Therapy is escalated as indicated according to patient needs
and expected outcomes.
Conserving energy and minimizing stress lower oxygen
demand and reduce myocardial work. Promoting rest is of
primary importance. Close monitoring of physiologic status
allows the timely identification of adverse effects, and
clustering of care allows periods of undisturbed rest. If
extreme restlessness or irritability is present, the underlying
cause must be identified and corrected. If necessary,
sedation is provided to minimize anxiety and agitation.
Work of breathing is supported to conserve energy and
decrease metabolic demands. In children with left-to-right
shunt lesions or in congestive heart failure, concurrent
pulmonary edema, decreased lung compliance, low lung
volumes, and airway obstruction can be present. All of these
pathologic phenomena contribute to increased work of
breathing. tachypnea, retractions, rales, and orthopnea.
Often the supine position is not well tolerated because of
increased pulmonary congestion and decreased lung volumes. The best position for these children is in semiFowler's to facilitate displacement of blood in the systemic
venous bed and augment lung volumes. In addition, a
head-up position displaces the liver and abdominal organs
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downward, permitting greater chest excursion. Administration of diuretics helps to control pulmonary venous congestion and edema.
Administration of humidified oxygen may be necessary
to promote alveolar oxygen diffusion or to treat pulmonary
hypertension. However, because of its pulmonary vasodilatory effects, oxygen should be used judiciously in patients
with increased pulmonary blood flow or when trying to
balance pulmonary-systemic blood flow (as in hypoplastic
left heart syndrome) because this intervention can worsen
heart failure in these patients. Mechanical ventilation is
implemented to take over the work of breathing and to
minimize the metabolic demands of the respiratory muscles.
Metabolic rate is increased in children with cardiovascular dysfunction. Unfortunately, many infants and small
children cannot consume enough calories to meet metabolic
needs. Nutritional support is critically important in these
patients. Caloric needs are continually assessed, and growth
is monitored over time on an age-appropriate growth chart
(see Appendix II). High-calorie fOffimlas are often recommended for infants to maintain weight gain. Nasogastric or
nasojejunal feedings are implemented if the infant does not
demonstrate normal weight gain despite increasing caloric
density. The critically ill child will require monitoring of
serum protein, albumin, glucose, electrolytes, and lipids to
maximize nutritional support.
Maintenance of normal body temperature conserves
energy because both hypothermia and fever result in thermal
stress. Wide variations in body temperature produce alterations in oxygen consumption, affecting cardiac output.
Hyperthermia increases heart rate, whereas severe hypothermia can result in precipitous drops in cardiac output and
blood pressure.

CONGESTIVE HEART FAILURE
Congestive heart failure (CHF), regardless of the age of
the patient, is the inability of the cardiovascular system to
meet the metabolic demands of the body. Specific causes
and clinical presentations vary with age (Box 18-1 and
Table 18-1). Manifestations of CHF primarily are due to the
physiologic compensatory mechanisms that are results of
low cardiac output reflecting the body's attempt to compensate. To understand the pathophysiologic and clinical
manifestations of heart failure, the nurse must have a
thorough understanding of the normal determinants of
cardiac output (see Chapter 7 for review).

Cardiovascular Critical Care Problems
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left heart syndrome, coarctation) impose a pressure load on
the heart. Symptoms become apparent during the tirst few
days of life once the ductus arteriosus c1oses. 3" Anomalies
of the coronary arteries can result in myocardial ischemia
with subsequent ventricular pump dysfunction and heart
failure. Corrective or palliative surgery can result in
resolution of CHF or slow its progression.
Acquired heart disease is the most common cause of
CHF in children over I year of age. Acquired disease
includes cardiomyopathy, endocarditis, myocarditis, Kawasaki disease, and rheumatic heart disease. These diseases
(with the exception of rheumatic heart disease) result in
impaired myocardial contractility. Diminished contractility
can ultimately result in volume overload, with subsequent
pulmonary and venous congestion. Rheumatic heart disease
can result in significant mitral or aortic valve regurgitation,
cardiac dilation, and pulmonary congestion.
Tachyarrhythmias or bradyarrhythmias can result in heart
failure. Acute-onset tachycardia (supraventricular tachycardia, junctional ectopic tachycardia) can result in heart failure
if not identified and treated in a timely manner. Incessant,
chronic tachyarrhythmias (atrial ectopic tachycardia, premature junctional reciprocating tachycardia) can result in CHF
if the tachycardia occurs throughout the day. In some

~

Box 18-1

Causes of Heart Failure

Alterations in Workload
Volume Overloading of the Ventricles

Large left-to-right shunt
Ventricular septal defect
Atrioventricular septal defect
Patent ductus arteriosus
Valvular insufficiency
Aortic, mitral, pulmonary
Systemic arteriovenous fistulas
Pressure Overloading of the Ventricles

Obstruction to outfiow
Aortic stenosis
Pulmonary stenosis
Coarctation of the aorta
Obstruction to infiow
Mitral stenosis
Cortriatriatum
Tricuspid stenosis

Etiology

Alterations in Inotropic Function

Congenital heart defects are the most common causes of
heart failure in infants. Structural heart disease can impose
either a pressure or volume load on the heart. Defects with
a left-to-right shunt (ventricular septal defect, patent ductus
arteriosus) impose a volume load. Clinical manifestations
are dependent on the size of the shunt and pulmonary
vascular resistance. Generally, these infants become symptomatic within the first 6 weeks of life. Obstructive lesions
(particularly left-sided lesions: aortic stenosis, hypoplastic

Infiammatory disease
Electrolyte disturbances
Metabolic disease
Coronary artery lesions
Alterations in Chronotropic Function

Tachyarrhythmias
Profound bradycardia
Complete heart block
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TABlE 18·1
w..
ji"

Likely Causes of Heart Failure Related to Timing of Its Development

CHF at Birth or Shortly After

Myocardial dysfunction
Asphyxia
Sepsis
Hypoglycemia
Hypocalcemia
Myocarditis
Transient myocardial ischemia
Hematologic abnormalities
Anemia
Hyperviscosity syndrome (hematocrit >65%)

Structural abnornlalities
Tricuspid regurgitation
Pulmonary regurgitation
Total anomalous pulmonary venous return with
obstruction
Heart rate abnormalities
Supraventricular tachycardia
Congenital complete heart block

b':;'

iE"
fZ:'

CHF in the First Week of Life

Myocardial or heart rate abnormalities
Same as above, except asphyxia less likely as a cause
Structural abnormalities
Patent ductus arteriosus
Hypoplastic left heart syndrome
Aortic stenosis
Total anomalous pulmonary venous return
Coarctation of the aorta
Renal disorders
Renal failure
Systemic hypertension

Pulmonary abnormalities
Upper airway obstruction
Bronchopulmonary dysplasia
Central nervous system hypoventilation
Persistent pulmonary artery hypertension
Endocrine disorders
Neonatal hyperthyroidism
Adrenal insufficiency

~!!

~r:

CHF in Early Infancy (1-6 Weeks)

Myocardial abnomlalities
Endocardial fibroelastosis
Anomalous origin left coronary artery
Myocarditis
Dilated cardiomyopathy
Renal disorders
Same as above

Structural abnormalities
Coarctation
Ventricular shunt (VSD, AVSD, SV)
Aonic shunt (PDA, truncus, AP window)
Endocrine disorders
Hypothyroidism
Adrenal insufficiency

CHF After Infancy

Acquired heart disease
Cardiomyopathy
Myocarditis
Vasculitis (Kawasaki disease)
Other
End-stage pulmonary disease
Cystic fibrosis
Primary pulmonary artery hypertension
Tachyarrhythmia

Congenital heart disease
Preoperative patients
Eisenmenger's syndrome
Pulmonary stenosis (rare)
Ebstein's anomaly with increasing TR
Aortic regurgitation
Mitral regurgitation
With onset of tachycardia
Postoperati ve patients
Ventriculotomy
Large residual left to right shunt
Valvular regurgitation, especially MR, AR
Obstructed conduit or mechanical valve
Prosthetic valve malfunction
Coronary artery injury
Ventricular dysfunction

~AP' Aortopulmonary: AR, aortic regurgitation; AVSD. atrioventricular septal defect; CHF. congestive heart failure; MR, mitml regurgitation;
~dUC1US arteriosus: Sv. single ventricle; TR, tricuspid regurgitation; VSD, venlricular septal defect.

!i'-'-

PDA, patent
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patients, cardiomyopathy may be the result of incessant
abnormal tachycardias. Once the rhythm is controlled, the
cardiomyopathy resolves. Complete heart block with a slow
ventricular rate can be responsible for CHF; once the heart
block is treated, the CHF resolves as well.
Heart failure may develop as a consequence of acidemia,
hypoxia, lung disease, or drug ingestion. Low Pa02 , low pH,
and elevated Pac0 2 depress myocardial function and elevate
pulmonary resistance. Chronic lung disease results in
pulmonary hypertension and right heart failure. Inborn
errors of metabolism can result in cardiomyopathy and CHF.
Although rare, heart failure can be iatrogenically induced by
excessively rapid infusion of fluid, calcium channel blocker
overdose, and ~-blocker overdose.

Pathogenesis
The pathogenesis of heart failure is the result of interplay
between hemodynamic, neurohormonal, and cellular factors
and abnormal autonomic responses. The normal compensatory responses to heart failure initially serve to support
cardiovascular function for a limited period. However, if
protracted, these compensatory responses may actually be
detrimental to the failing heart (Fig. 18-2).
Determinants of Cardiac Performance. The factors that control cardiac output are preload or diastolic
volume; afterload or the ventricular wall tension developed
during ventricular ejection; contractility or the inotropic
state of the myocardium; and heart rate. In addition,
significant myocardial structural and maturational issues
affect cardiac output in neonates and young infants.
When compared with those in the adult, immature
myocytes are thinner, less compliant, and less well organized. The developing heart is also thought to have a relative
decrease in contractile mass, with a predominance of
noncontractile elements. At birth there is right ventricular
dominance that progresses to left ventricular dominance
over the first few months of life. 5.6 The newborn heart, at
baseline, functions at the peak of the Frank-Starling curve,
exhibiting a greater resting tension for any degree of stretch
indicating limited ventricular compliance. Therefore volume
loading and increased stretch can actually decrease cardiac
output. Because of a high intrinsic heart rate, the infant has
limited ability to increase cardiac output through an increase
in heart rate. Increases in afterload are not well tolerated in
neonates and infants because of limited compliance and
diminished contractile function.
In newborns the sarcoplasmic reticulum (SR) is poorly
organized and less well developed compared with adults.
Normally in mature cells the SR is the primary source of
intracellular calcium for modulation of contraction. However, because of relati ve immaturity, the newborn myocyte
is dependent on serum calcium for contraction. The
contractile proteins (actin and myosin) increase their sensitivity to calcium with maturation, increasing inotropic
response with age. 6 In addition. maturational changes in the
autonomic nervous system lead to developmental differences in response to autonomic stimulation by endogenous
and exogenous adrenergic agonists.

Cardiovascular Critical Care Problems
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CARDIAC FAILURE DUE TO VOLUME LOAD
(e.g., VSD)

/
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l Systemic blooc flow
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CARDIAC FAILURE DUE TO SYSTEMIC PRESSURE LOAD
/

(e.g., coarctation) ~

iPulmonary venous congestion
(2' to i LAP)
Interstitial pulmonary edema
i Lung H20 -> tachypnea
i Small airway resistance -> wheeZing
i Work of breathing

+/- alveolar edema ->rales
Impaired gas exchange -> lPa02, iPaC02

Systemic venous congestion
Hepatomegaly
+/- peripheral edema

l.l. Systemic blooc flow
l ArteJial pulsations
Cold extremilies
Slow capillary refill

l.l. Systolic function
Impaired contractility

Regional redistribution
of blooc flow
HSkin
H Kidneys
H Mesenlery

Metabolic response
Hypermetabolism -> i Vo,
Acid·base slalus
Metabolic acidemia

Fig. 18-2

B

Diagrammatic representations of cardiac failure caused

by volume load (A) and pressure load (B). VSD. Ventricular septal

defect; LAP. left atrial pressure; Gl, gastrointestinal.

Hemodynamic Characteristics. The hemodynamic
abnormalities of heart failure are due to reduced ejection
(systolic dysfunction) or diminished ability to receive
venous return (diastolic dysfunction). In systolic dysfunction, there is impaired ventricular contraction with a
subsequent decrease in the ability to increase stroke volume
with volume loading. In this scenario, small increases in
afterload are not well tolerated, leading to a decline in
cardiac output. Conversely, small decreases in afterload may
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contribute to a significant improvement in cardiac output.
Causes for systolic dysfunction include lesions with left-toright shunts, dilated cardiomyopathy, and myocardial ischemia. Depending on the underlying cause, systolic dysfunction can lead to volume or pressure overload or both.?
Diastolic dysfunction is due to decreased ventricular
compliance requiring high venous pressures to support
ventricular filling. Causes of diastolic dysfunction include
lesions that limit ventricular filling (atrioventricular [AV]
valve stenosis, pulmonary venous obstruction), lesions that
contribute to reduced intrinsic compliance (hypertrophic
cardiomyopathy), and pericardial effusion or tamponade.
Neurohormonal Factors. A decrease in cardiac output triggers a neurohormonal response that is vital to
survi val in acute low-output states. This is accomplished
through enhanced activity of the SNS and the reninangiotensin-aldosterone system (RAAS). Initially, this results in improved contractility, fluid and sodium retention,
and vasoconstriction to support blood pressure. However,
when sustained, these compensatory mechanisms may
exacerbate hemodynamic abnormalities and accelerate myocardial cell death. Fig. 18-3 depicts the neurohormonal
response to low cardiac output and the consequences. SNS
stimulation initially improves cardiac output by increasing
heart rate, blood pressure, and ejection fraction. With
sympathetic stimulation, there is a subsequent increase in
ventricular afterload resulting from vasoconstriction. This
mechanism supports blood pressure acutely, but eventually
it contributes to increased ventricular work. Unfortunately,
the long-term sequelae of SNS stimulation lead to increased
myocardial oxygen consumption, increased ventricular wall
stress, and diminished myocardial oxygen supply.

RAAS stimulation causes salt and water retention, which
initially augments preload. Chronic sodium and water
retention results in long-term pulmonary congestion and
peripheral edema. Vasoconstriction is also augmented by
angiotensin II (following conversion of angiotensin I to
angiotensin II in the lung). In the short term, it serves to
maintain blood pressure for vital organ perfusion. Longterm effects are those of increased afterload: exacerbation of
systolic dysfunction and increased energy requirements.
Besides promoting salt and water retention, aldosterone is
also responsible for the development of ventricular fibrosis
and promotion of collagen synthesis in heart failure. These
mechanisms are responsible for decreased myocardial
capillary density, increased ventricular stiffness, and diastolic dysfunction. 6 . s
Increased SNS and RAAS activity contributes to cardiac
toxicity through cell necrosis and apoptosis. Necrosis is a
passive process characterized by inflammation that occurs
as a result of a number of cytotoxic mechanisms. Apoptosis
is an active process that is secondary to activation of genes
encoded for programmed cell death. Apoptosis is activated
in clinical conditions in which vascular remodeling, hypertension, and ischemia occur. 6
Cellular Factors. Ventricular dilation occurs in response to the increased stress imposed by volume or
pressure overload. An increase in ventricular end-diastolic
volume, even in the face of diminished fiber shortening,
supports stroke volume. However, chamber dilation requires
an increase in wall tension to maintain systolic pressure,
increasing myocardial oxygen requirements. This physiologic mechanism is limited in that excessive wall stretch will
exceed the heart's ability to contract forcefully. Conse-

HEART FAILURE

Myocardial cell death
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i Myocardial energy
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Fig. 18·3 Diagrammatic representation of consequences of neurohormonal response in heart failure.
(Adapted from Katz AM: Cardiomyopathy of overload, N Engl J Med 322: 100-110, 1990.)
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quently, a fall in systolic function and stroke volume will
occur. As mentioned previously, fibrosis and collagen
formation occur in heart failure with a subsequent loss of
myocytes. These phenomena contribute to progressive
cardiac dilation, decrease in capillary density, and a relative
deficit of energy-producing mitochondria. Because of
changes in calcium intrusion into the cytosol with energy
deficit, ventricular relaxation (Iusitropy) diminishes (relaxation is more sensitive to energy deficit than contraction).
Hypertrophy of the overloaded ventricle is a complex
process brought about by changes in actin, myosin, and
collagen contributing to cardiac remodeling. Adding new
sarcomeres aids the heart in adapting to chronic ventricular
overload. However, chronic hypertrophy is associated with
abnormal gene expression leading to progressive myocardial damage, fibrosis, and cell death. Chronic hypertrophy
prolongs the action potential, leading to electrophysiologic
abnormalities and cardiac rhythm disturbances. Hypertrophy also impairs relaxation of the heart, leading to diastolic
dysfunction. In infants and children, relief of increased
ventricular afterload allows regression of hypertrophy.
Abnormal Autonomic Responses. Acutely, SNS
compensatory activation improves cardiovascular function through an increase in chronotropic, inotropic, and
lusitropic responses. Over time, with sustained sympathetic overstimulation, a subsequent down-regulation of
~-receptors occurs. Ultimately the myocytes fail to respond
normally to endogenous and exogenous adrenergic agonists,
with a substantial decrease in responsiveness to adrenergic
stimulation.

Clinical Manifestations
The signs of heart failure in infants and children can be
subtle and are dependent on the underlying etiology and age
of the child. They can be organized into three general
categories: signs related to impaired myocardial performance and those resulting from pulmonary and systemic
venous congestion.
Impaired Myocardial Performance. The cardiac
manifestations of heart failure primarily are due to the
neurohormonal compensatory mechanisms that are activated because of low cardiac output. In addition, cardiac
failure presents additional specific symptoms related directly to poor myocardial function.
Cardiac enlargement on chest radiograph is a consistent
sign of impaired function, representing ventricular dilation
or hypertrophy. Only in the earliest stages of heart failure is
cardiac size normal. Tachycardia is commonly seen with
cardiac failure and represents an adaptive mechanism to
support cardiac output and oxygen delivery to tissues. An S3
gallop rhythm noted at the apex is often appreciated because
of rapid filling of a stiff, noncompliant ventricle 3 Vasoconstriction decreases peripheral perfusion, signaled by cool
extremities, weak peripheral pulses, slow capillary refill,
and mottling. In high output failure, pulse pressure may be
increased and arterial pulsation bounding. Severe anemia
(hemoglobin level lower than 5 g/dl) causes a similar
phenomenon. Vasoconstriction most often maintains blood
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pressure in the normal range, even when tissue perfusion is
inadequate. Hypotension is a late and ominous sign.
Many infants and small children in heart failure cannot
ingest enough calories to support growth, particularly with
the concurrent increase in metabolic demands. This phenomenon is usually secondary to fatigue and poor feeding.
As a result of sympathetic activation, diaphoresis with
feeding can be noted. 9 Severely ill infants may fatigue so
quickly with feeding that it is physically impossible for them
to take in an adequate volume of formula. Therefore growth
failure results, necessitating increasing caloric density of
formula or the institution of tube feedings.
Pulmonary Congestion. Pulmonary congestion occurs secondary to increased pulmonary blood flow, left
ventricular failure, or pulmonary venous obstruction. Normally the pulmonary lymphatics remove accumulated lung
fluid to prevent alveolar edema. If capacity of the lymphatics is exceeded because of pulmonary overcirculation or
pulmonary venous congestion, then pulmonary edema
ensues 3 Tachypnea is a common sign of heart failure
indicating pulmonary interstitial edema and decreased lung
compliance. Intercostal retractions, grunting, wheezing, and
cough may also be present. Older children will complain of
dyspnea on exertion or orthopnea. Rales are generally a late
sign and may not be appreciated in infants. Wheezing may
be due to broncmal edema or compression of the airways by
distension of the pulmonary arteries or left atrium.
Systemic Venous Congestion. Hepatomegaly is the
most consistent sign of systemic venous congestion. Enlargement of the liverreflects an increase in systemic venous
volume or right atrial pressure. Tenderness of the liver and
the absence of a firm, discrete liver edge can be elicited even
in older children with heart failure. Jaundice may occur with
hepatic congestion but is generally a late sign.
Systemic venous congestion can be evaluated in older
children by observing the jugular venous vein (this cannot
be assessed in infants). Normally when the cmld is supine
and lying at a 45-degree angle, the jugular vein should not
rise above the imaginary line drawn across the manubrium
of the sternum. If the vein is visible above this line, then
jugular venous distension is present, indicating CHF.
Peripheral edema is a rare finding in infants, although
periorbital edema can sometimes be detected. In older
children, peripheral edema and, occasionally, ascites and
generalized anasarca may be present 9 These clinical signs
are more often appreciated in the cmld with severely
compromised myocardial function.
Diagnosis. In addition to history and physical examination findings, the diagnosis of heart failure is aided by a
number of noninvasive and invasive laboratory studies.
Chest radiography is necessary to assess cardiac size; it also
permits assessment of pulmonary congestion. The electrocardiogram (ECG) is not particularly useful, unless an
arrhythmia is the cause for cardiac failure. Echocardiography permits assessment of myocardial function from ventricular dimensions, fiber-shortening rate, and ejection
fraction. Diastolic function is evaluated from estimates of
isovolumetric relaxation time, diastolic dimensions, filling
time, and other parameters.
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Critical Care Management
Treatment of cardiac failure is determined by the underlying
cause. Structural heart disease in infants or children who are
in CHF should be repaired or palliated in a timely manner.
Early surgical repair can lead to reversal of neurohormonal
and cellular abnormalities that lead to ventricular dilation
and hypertrophy. Preoperative use of prostaglandin E,
(PGE I) to maintain ductal patency in ductal-dependent
lesions permits stabilization and an elective approach to
surgery.
Medical management in acute heart failure is directed at
support of cardiac output through manipulation of preload,
afterload, and contractility. (See Chapter 7 for a complete
discussion on volume replacement and medications.) Volume status is normalized through diuresis and judicious
fluid management. Inotropes, either intravenous or oral, are
instituted to improve contractility. After/oad-reducing
agents are instituted if appropriate and are being used
increasingly to decrease ventricular work. If the cause of
heart failure is incessant, tachyarrhythmia antiarrhythmics
are used for conversion to sinus rhythm or for rate control.
Mechanical assist (ventricular assist device, intraaortic
balloon pump, or extracorporeal membrane oxygenation) is
used in the severely decompensated patient for temporary
support or as a bridge to heart transplantation (see Chapter
7, section on mechanical assist.)
Maneuvers to manipulate the pulmonary vascular bed are
implemented in select patients to maximize pulmonary:
systemic flow. Oxygen, alkalosis, hyperventilation, nitric
oxide, prostacyclin, and after/oad reduction decrease pulmonary vascular resistance, therefore augmenting pulmonary blood flow. These interventions are to be used in
patients with pulmonary hypertension and should be
avoided in children with large left-to-right shunts. In the
latter, increased pulmonary blood flow will be at the expense
of systemic flow, contributing 10 systemic underperfusion.
Inhaled carbon dioxide or nitrogen will increase pulmonary
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vascular resistance, decreasing pulmonary blood flow.
These two maneuvers are generally reserved for infants
with hypoplastic left heart syndrome or single-ventricle
physiology who require careful balancing of systemic-topulmonary blood flow.
Diuretic Therapy. In treating chronic failure, diuretic
therapy is aimed at correcting the clinical problems of
pulmonary and systemic venous congestion. Diuretic agents
are useful to maximize sodium excretion and thereby
increa~e the volume of urine excreted. Table 18-2 lists the
various types of diuretic agents useful as adjuncts in treating
patients with heart failure.
Because all diuretic agents increase sodium excretion,
hypovolemia and hyponatremia are potential complications
of their use. Acid-base imbalances can occur. Metabolic
alkalosis is common with administration of the potent loop
diuretics, owing to chloride depletion and volume contraction. Metabolic acidosis is a potential complication of
carbonic anhydrase inhibitors, but this usually is mild.
Hypokalemia is the consequence of potassium wasting.
Hypokalemia can be avoided by diuretics given every other
day, potassium supplementation, or the concurrent use of a
potassium-sparing diuretic.
Neurohormonal Modulation. As the understanding of the pathophysiologic mechanisms underlying heart
failure increases, so have novel therapeutic interventions.
Newer treatment modalities are aimed at blocking or
resetting neurohormonal overstimulation. Presently used
agents include angiotensin-converting enzyme inhibitors
(ACEIs), digoxin, ~-blockers, aldosterone antagonists, and
angiotensin-receptor blockers.
Angiotensin II is responsible for vasoconstriction, aldosterone secretion, myocardial fibrosis, and cellular remodeling in heart failure. ACEIs inhibit the enzyme responsible
for the conversion of angiotensin I to angiotensin II. They
also inhibit degradation of bradykinin and inhibit norepinephrine release, thus augmenting vasodilation. These

18-2 Diuretic Agents for Heart Failure
Action

Block Na and CI reabsorption widely at multiple medullary and cortical sites
Cautions: volume contraction (free water reabsorption is blocked); hypokalemia

Block Na and Cl reabsorption at the ascending limb; less loss of K
Caution: volume contraction (especially with metolazone)
Aldosterone antagonist; impairs Na reabsorption and increases K and H ion secretion
No effect on water production or reabsorption

. rbonic Anhydrase Inhibitors
-'cetazolamide

~>

~!f

Inhibits carbonic anhydrase to decrease Na and CI reabsorption at distal sites
Less effect on free water production and reabsorption, but K excretion is increased
Diuretic effects are mild only

;~l. Chloride ions: H. hydrogen ions; K, potassium ions: Na. sodium ions.
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agents have long been used for afterload reduction to
decrease ventricular wall stress and work. Angiotensin II
and norepinephrine (along with increased ventricular wall
stress) are also known to contribute to ventricular remodeling and fibrosis. ACEIs have been shown to prevent fibrosis
and limit myocyte necrosis and apoptosis. 10 Clinically, these
agents have been shown to produce symptomatic improvement and reduce mortality. 6
Digoxin is extensively used to treat heart failure,
improving hemodynamics through the enhancement of
systolic function. Digoxin also enhances parasympathetic
stimulation, therefore opposing sympathetic overstimulation. The mechanism by which digoxin potentiates parasympathetic stimulation is not well understood.
~-Blockers, albeit counterintuitive, have been shown to
improve ventricular function and decrease mortality in both
children and adults. These agents are usually employed once
diuretic, afterload-reducing, and inotropic medications have
been maximized. ll . n Mechanism of action is thought to be
the prevention and reversal of SNS-mediated myocardial
remodeling and dysfunction. Initially, ~-blockers can
worsen failure, so starting doses are low with slow
incremental increases in dose up to maximum therapeutic
dose or clinical effect. Dosage adjustment is tailored to
the patient and may take weeks. Cardio-selective thirdgeneration agents (carvedilol) are generally well tolerated
with few side effects. 14 Carvedilol is believed to have
antioxidant effects, theoretically providing protection
against cytotoxic biologic modifiers. 6 • 11 Further studies are
necessary to evaluate ~-blockers in children because of the
variable causes and natural history of heart failure in
pediatrics.
Aldosterone, as part of the RAAS, plays a significant role
in the pathophysiology of heart failure. It promotes sodium
and water retention, myocardial fibrosis, and collagen
formation. Spironolactone is an aldosterone-receptor antagonist, potassium-sparing diuretic long used in pediatrics to
avoid potassium replacement but is avoided in adults
because of potential hyperkalemia. The Randomized Aldactone Evaluation Study (RALES)8 demonstrated significant
clinical improvement and reduction in mortality in adults
with CHF who were prescribed spironolactone. This randomized, double-blinded study was halted prematurely
because the observed improvement in outcome in the
spironolactone group exceeded prespecified end points.
Mechanism of action is thought to be prevention of sodium
and water retention, prevention of myocardial fibrosis, and
blocking of collagen formation.
Angiotensin II antagonists (losartan, candesartan) are
new agents currently under investigation in adults to
selectively block angiotensin II receptors, mitigating the
effects of the RAAS. Currently they are used for patients
who are refractory to ACE inhibition, and are generally
prescribed concurrently.IO To date, no pediatric clinical
trials have been published.
Nutrition. Nutrition is one of the most important
aspects of the management of children in heart failure.
Small children and infants in heart failure often cannot
consume enough calories to support growth. Tachypnea and
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fatigue can interfere with normal nursing or nippling.
Many infants in heart failure require up to I SO calories/kg/
day. A number of biologic markers can be used to assess
nutritional status. In the PICU, serum albumin or prealbumin can be measured. Prealbumin is a better marker of
nutritional state because it has a shorter half-life than
albumin and correlates with positive nitrogen balance. In an
effort to maximize caloric intake, formula or breast milk can
be fortified to increase caloric density. In general, formula
should not be increased to greater than 30 calories/ounce to
prevent an excessive osmotic and protein load. Tube
feedings are implemented if the infant continues to fail to
thrive. These feedings can be nasogastric or nasojejunal,
given throughout the day or at night only. Any infant with
structural heart disease who does not gain weight appropriately on maximum calories and medical management
constitutes a medical failure and should undergo surgical
intervention.

CYANOSIS AND HYPOXEMIA
Cyanosis and hypoxemia are commonly encountered clinical problems in pediatric patients. Cyanotic infants often
present a confusing diagnostic picture. The first task is
differentiating cardiac disease from pulmonary disease in
these infants. A general rule of thumb is that children who
improve with oxygen have lung disease and those who do
not have cyanotic heart disease. In some cases, this does not
always hold true, prompting further diagnostic investigation. Echocardiography is an important diagnostic tool used
in concert with clinical presentation and other ancillary tests
(chest x-ray film, ECG).

Etiology and Clinical Presentation
in Cyanotic Infants
Structural heart diseases that produce cyanosis can have
decreased pulmonary blood flow (PBF) or variable PBF.
Defects that result in decreased PBF are characterized by
right heart atresia or right ventricular outflow obstruction
(severe pulmonary stenosis, pulmonary atresia, and tetralogy of Fallot). These defects are manifested by cyanosis
that is often severe following closure of the ductus
arteriosus, is intensified by crying, and may be episodic.
It is not relieved by the administration of oxygen, even
at high concentrations. Tachypnea not accompanied by
dyspnea, retractions, grunting. or nasal flaring (which are
also characteristic of pulmonary disease or edema) is
indicative of a cyanotic congenital heart defect with
decreased PBF.
Card.iac defects with left-to-right shunts and increased
PBF mayor may not develop cyanosis. Pulmonary
vascular resistance (PVR) determines the presence of
cyanosis in this population. If PVR is elevated, there can
be right-to-left or bidirectional shunting. This generally
occurs in the neonate. Once PVR falls to normal levels,
cyanosis will not be evident unless the infant develops a
concurrent respiratory illness. Mixing lesions, such as
transposition of the great arteries, develop severe cyanosis
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once the ductus arteriosus closes. Infants and children
with pulmonary venous obstruction with associated pulmonary hypertension will be cyanotic until obstruction is
relieved.
With recent surgical advances, many infants' defects are
repaired early, so long-standing cyanotic heart disease
is becoming less of an issue. However, a large number
of adolescents and young adults who received palliative
treatment in infancy never underwent surgical correction.
Eisenmenger's syndrome develops in the presence of longstanding increased PBF (left-to-right shunt). At some point,
depending on the size of the shunt and characteristics of the
patient, pulmonary vascular disease develops secondary to
pulmonary pressure and volume load. When pulmonary artery pressure exceeds systemic pressure, then shunt reversal
(right to left) and chronic cyanosis result. If PVR is not
reactive to pulmonary vasodilators (oxygen, nitric oxide),
then the patient is considered inoperable for repair of the
primary cardiac defect, and referral for heart-lung transplant
may be considered.
A number of other clinical clues help to differentiate
cardiac and pulmonary disease. Chest radiographs, although
not always conclusive, are often helpful in detecting
pulmonary disease in infants. Arterial blood gas analysis
may reveal helpful differential findings. In lung disease, the
Pac02 may be elevated, whereas it is normal or even
decreased because of tachypnea in patients with cardiac
disease. Acid-base balance is initially maintained, but
inadequate tissue perfusion, which may be the consequence
of ductal closure, results in lactic acidosis.
Pathogenesis of hypoxemia and cyanosis with respect to
specific cardiac lesions are discussed in the section on
congenital heart disease. Acute hypoxemia associated with
respiratory disease is discussed in Chapter 19.
Acute Hypoxia. Acute hypoxic episodes have the
potential to occur in critically ill infants and children for
various reasons, most of them pulmonary in nature. Acute
hypoxia produces pulmonary hypertension, which is usually
transient and reversible in healthy individuals. However, in
patients with preexisting heart disease, pulmonary hypertension (particularly in the postoperative cardiac surgery
patient) is not well tolerated. In these patients, hypoxia can
result in acute pulmonary hypertensive crisis. This serious
problem is characterized by an acute rise in pulmonary
artery pressure and central venous pressure (CVP) with a
subsequent fall in left atrial pressure (LAP), cardiac output,
and systemic oxygen saturation. Without timely intervention, metabolic and respiratory acidosis ensues, further
exacerbating pulmonary hypertension. Interrupting the vicious cycle of right ventricular dysfunction, inadequate
PBF, severe hypoxemia, and low cardiac output can be
extremely difficull. These crises may be fatal despite
aggressive attempts to reverse the condition. Interventions
include analgesia or sedation, hyperventilation with 100%
oxygen, maintenance of normothermia, and skeletal muscle
relaxation.
Chronic Hypoxia. Chronic cyanosis and hypoxemia
have deleterious effects on many body systems and have

been recognized for decades. These effects include changes
in the following tissues and organs:

I. Blood: Chronic hypoxia stimulates overproduction of
red blood cells in the bone marrow, resulting in
polycythemia. When polycythemia is severe (hematocrit of 70% to 75%), blood viscosity increases
dramatically. Despite elevated red cell counts, red cell
indices are frequently abnormal, with iron deficiency
anemia requiring iron replacement therapy. In the face
of hypoxemia, the body attempts to increase oxygen
delivery by increasing cardiac output. Therefore these
patients can have a "relative" anemia if hemoglobin
concentration is "normal" (e.g., following blood loss
or trauma). In this scenario, these patients will act like
they are anemic (hyperdynamic, with signs of increased cardiac output). Keeping hemoglobin level
between 16 to 18 gldl is beneficial in this population.
Thrombocytopenia, impaired platelet aggregation,
and reduction in clotting factors are additional complications of polycythemia. Bleeding disorders can
result, primarily in older children.
2. Central nervous system: As a result of polycythemia
and hyperviscosity, acute or transient cerebral insults
may occur from cerebral infarcts. Strokes can also
occur as a result of decreased defonnability of the
microcytic red blood cells. In addition to the risk of
stroke, an increased incidence of brain abscesses is
seen among those who are older. These can occur
because venous bacteria are shunted into the systemic
circulation without undergoing the nOlmal filtering
process afforded by the pulmonary macrophages.
3. Heart: Hypoxia evokes compensatory cardiac
changes, including coronary vasodilation and the
development of myocardial collateral circulation.
Hyperviscosity increases systemic and pulmonary
afterload and decreases coronary artery perfusion.
Consequently, myocardial function is depressed, leaving older cyanotic children with limited exercise
capacity.
4. Lungs: Increased viscosity contributes to increased
PVR. Increased PVR increases right-to-left shunting,
exacerbating cyanosis and hypoxia.
Treatment of Polycythemia. Generally, patients do
not exhibit symptoms until hematocrit reaches 70%. Clinically, manifestations include headache, joint and chest pain,
anorexia, and visual disturbances. Historically, these patients would receive a phlebotomy before the development
of symptoms. However, clinical effects are short lived
because hematocrit again increases as a normal physiologic
response to hypoxemia. Currently the recommendation is to
phlebotomize symptomatic patients only. This procedure is
performed as a partial exchange transfusion, removing small
a1iquots of blood and replacing them with normal saline or
albumin, down to a hematocrit of 60% to 65%. Patients
experience immediate symptomatic relief, but unfortunately,
some become quite dependent on this intervention and
frequently request it.

Chapter 18
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CONGENITAL HEART DISEASE
The incidence of congenital heart disease is approximately
1% of all live births. Worldwide, 1.5 million children are
born with a congenital heart defect yearly, and in the United
States, approximately 40,000 newborns are affected each
year. Of these children, 5% to 8% have associated chromosomal anomalies or syndromes. At least one third of the
infants born in the United States with a congenital heart
defect will be critically ill or require surgical therapy during
their first year of life. I 5 Despite major advances in the
management of these children, congenital heart disease
accounts for a large proportion of infant mortality and is a
major reason for admission to the PICU.
The etiology of congenital heart disease is a rapidly
growing field of interest and research. Known risk factors
include environmental exposures, drug exposures, maternal
diabetes, maternal reproductive history, and a family history.] 6 Despite these risk factors, the exact cause of congenital heart disease is poorly understood. Cardiac formation
begins on day 18 of gestation when the cardiac mesoderm
begins to form and ends on day 45 of gestation when the
ventricular septum has closed. 17 Each cardiac malformation
can be determined to have occurred during a specific time
during gestation. Like many congenital defects, cardiac malformation has often occurred before pregnancy is detected.
Although formation is complete early in gestation, the heart
continues to mature until well after birth.
In the past, there has been a reluctance to do primary
surgical repairs on neonates and young infants because of
the potential increased risk of cardiac surgery in these
patients. As a result, palliative and staged procedures had
been preferred. Refinements in surgical techniques, cardiopulmonary bypass, myocardial preservation, and postoperative management has led to the recent trend toward primary
repairs of congenital heart defects in neonates and young
infants. This current philosophy has resulted in a change in
the patient population and the patient care management in
PICUs today. Although the majority of patients are neonates
and young infants, many older children, adolescents, and
adults, who had previously received palliative treatment, are
reentering PICUs for additional surgery or for treatment of
sequelae.
Several classification systems exist to categorize congenital heart defects. One system that is clinically useful is
based on the presence or absence of cyanosis and an estimate of the volume of PBF. These characteristics are determined by physical examination and radiographic examinations and are diagnosed by echocardiography (Box 18-2).

Acyanotic Heart Defects With Increased PBF
Congenital heart defects that produce a left-to-right shunt at
varying points in the circulation lead to an increase in PBF.
The most common lesions associated with increased PBF
include patent ductus arteriosus, atrial septal defect, ventricular septal defect, and AV septal defect. (Table 18-3
summarizes the findings on cardiac examination, ECG, and
chest radiograph of children with these defects.)

Box 18·2

~ Classification of Congenital Cardiac Defects
Acyanotic Defects With Increased PBF
Patent ductus arteriosus
Atrial septal defect
Ventricular septal defect
Atrioventricular septal defect
Acyanotic Defects That Obstruct Flow
Coarctation of the aorta
Aortic stenosis
Pulmonary stenosis

Cyanotic Defects With Decreased PBF
Tricuspid atresia
Tetralogy of Fallot
Pulmonary atresia with intact ventricular seplum

Cyanotic Defects With Increased PBF
Total anomalous pUlmonary venous connection
Truncus arteriosus
Hypoplastic left heart syndrome
Cyanotic Defects With Variable PBF
Transposition of the great arteries
Double-outlet right veotricle
Double-inlet left ventricle
Single ventricle
PBF,

Pulmonary blood flow.

Patent Ductus Arteriosus. The ductus arteriosus is
formed during the fifth to seventh week of gestation. It is a
vascular communication between the junction of the main
and left pulmonary arteries and the lesser curvature of the
descending aorta just distal to the left subclavian artery. The
ductus is approximately I cm in length, slightly less than I
cm in diameter, and has a sphincterlike muscle in its wall.
The ductus begins to close within 10 to 15 hours of birth,
and closure is usually completed by 3 weeks of age.
Although a ductus can close spontaneously at any time other
than the newborn period, this is very unlikely to occur after
the age of I year because of the absence of normal
physiologic mediators that contribute to closure.
At birth, with the removal of the placenta (major source
of prostaglandin in utero) and with the concurrent onset of
respiration, PVR decreases with a subsequent rise in Paoz.
The combination of an increased Pao z and a fall in
prostaglandins results in ductal constriction. Eventually
anatomic closure occurs, and the ductus becomes fibrous,
forming the ligamentum arteriosus. If these processes do not
occur or are interrupted, a patent ductus arteriosus (PDA) is
the result (Fig. 18-4). Prematurity, hypoxia, and scarring of
the ductus from rubella during fetal life are all factors that
can prevent ductal closure.
The size of the shunt through the PDA is determined by
the relative pressure differences between the systemic and
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Cardiac Examination

Electrocardiogram

Chest Radiograph

"Machinery" murmur heard throughout systole and diastole; best heard
at left upper sternal border and
under left clavicle; palpable cardiac
thrill (with large PDA) at left
sternal border

May be nom1al or demonstrate left
ventricular hypertrophy

Increased pulmonary vascularity,
prominent pulmonary arteries,
enlargement of the left ventricle
and aorta

Normal S,; Soft systolic ejection
murmur best heard at second left
rcs; fixed and widely split S2

May be normal, but right axis deviation, right ventricular hypertrophy,
RSR' in V,

Same as above
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Increased pulmonary vasculature,
enlargement of right atrium, right
ventricle, and pulmonary artery;
aorta smaller than normal
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Left axis deviation, RSR' in V I
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Normal heart size and PBF

Left ventricular dominance and left
ventricular hypertrophy

Cardiomegaly, enlarged left atrium,
enlarged left ventricle, prominent
pulmonary vascnlar markings

Right ventricular hypertrophy

Normal or enlarged right atrium, right
ventricle, and pulmonary artery;
small distal pulmonary vessels;
variability in size of left atrium and
left ventricle

Same as for ASD

Same as for ostium secundum ASD

Same as for ASD

Systolic murmur best heard apically;
radiates to the axilla

Left ventricular hypertrophy

Enlargement of left ventricle and left
atrium

Combination of ASD, VSD, and
atrioventricular valve insufficiency
murmurs; no murmur may be
present; with pulmonary artery
hypertension, P2 is loud and
widely split

Left axis deviation and biventricular
hypertrophy

Cardiomegaly and increased pulmonary vascular markings

Loud, harsh systolic murmur localized
to left sternal border; associated
cardiac thrill
Rumbling murmur heard best at lower
left sternal border; radiates across
the left chest sometimes as far as
the midaxillary line; pulmonary
component of S2 loud and
widely split
Quieter heart murmur; loud single P z

;~D, Atrial septal defect; AVSD, atrioventricular septal defect; ICS, intercostal space; P2, pulmonary component of second heart sound; PBp, pulmonary blood now; PDA, patent ductus arteriosus; Sf' firs,
iJ\eart sound; S2' second heart sound; VSD, ventricular septal defect.
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PATENT DUCTUS

Fig. 18-4 Patent ductus arteriosus. Ao, Aorta; PDA. patent ductus
arteriosus; PT, pulmonary trunk. (From Pet/off JK: The clinical
recognition of congenital heart disease, ed 4, Philadelphia, 1994.
WB Saunders, p 510.)

pulmonary vascular beds and the size of the PDA. After
birth, with the normal fall in PVR and rise in systemic
vascular resistance, the shunt is left to right. If the PDA is
large or moderate in size, this will lead to pulmonary
overcirculation and left heart enlargement. However, if there
is some degree of lung disease or elevation of PVR, the
shunt can be bidirectional or right to left.
Clinical Presentation and Course. When occurring
in isolation, clinical symptoms vary with the size of the
PDA and the degree of shunt. Small PDAs may not be
appreciated on auscultation and can be hemodynamically
insignificant. Large PDAs can contribute to CHF once PVR
has fallen, These infants and children can have signs and
symptoms of CHF, including tachypnea, poor feeding, and
diaphoresis.
On auscultation the classic finding is one of a continuous
murmur audible in the left upper chest. However, if PVR is
elevated (with subsequent decreased shunt) or the PDA is
small, the murmur may be soft or inaudible. Generally, the
pulses are bounding, and in the older child the pulse
pressure will be wide (low diastolic pressure). Echocardiogram is adequate to make the diagnosis and in determining
the size and configuration of the PDA for possible coil
occlusion.
Management. Asymptomatic children with hemodynamically insignificant PDAs require no medical treatment
before elective closure between 2 to 5 years of age.
Endocarditis prophylaxis is necessary for dental work or
contaminated surgical procedures. 18 Controversy exists
regarding whether small "silent" PDAs should be closed
because the risks of intervention may exceed the lifetime
risk of endocarditis.
The premature infant or any child in CHF requires
anticongestive therapy with fluid restriction, diuretics, and
digoxin. If, however, CHF cannot be controlled by these
measures, then closure is recommended. Indomethacin, a
prostaglandin inhibitor, is advocated in the preterm population in an attempt to close the PDA without surgery.
Indomethacin is usually given at a dose of 0.2 mg/kg orally
or intravenously as a single dose and, if necessary, repeated
after 8 and 16 hours. Because indomethacin is an acetylsalicylic acid, it cannot be given to the infant with poor renal
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function, necrotizing enterocolitis, bleeding dyscrasias,
hyperbilirubinemia, internal bleeding, and shock or myocardial ischemia. When this drug is administered, close
assessment for signs and symptoms of abnormal bleeding is
crucial. Larger infants and older children may undergo coil
occlusion or surgical division of the PDA.
Coil Occlusion. PDAs can be coil occluded in the
catheterization laboratory if the PDA is of the right size and
configuration. Small to moderate, conically shaped PDAs
are most amenable to this intervention; however, a snareassisted technique has been used successfully to occlude
large PDAs. 19.20 The usual technique for coil occlusion
involves a retrograde approach via the femoral artery to the
PDA. One or more coil can then be deployed until a shunt
is no longer seen on angiography. Complications include
embolization of the coil into the pulmonary artery or aorta,
improper placement, or residual shunt 21 Benefits include
short hospital stay and no surgical incisions. In many
institutions, catheter occlusion is the treatment of choice for
PDA (with the exception of the preterm neonate).
Surgical Correction. Surgical repair of a large PDA is
performed off cardiopulmonary bypass and is recommended
for those patients with a large, unusually shaped, or short
PDA. Some centers will not coil occlude PDAs in small
patients because of the risk of embolization and pulmonary
artery occlusion with the device, so surgery is recommended. The defect may be ligated, divided, or occluded
with a hemoclip. The surgery is performed through a
posterolateral incision in the fourth left intercostal space
(ICS). In the neonate a hemoclip is used. In the older infant
or child, the ductus is usually ligated with heavy suture to
prevent recanalization or hemorrhage, which may occur
with incomplete ligation, or the ductus can be divided
between clamps and the severed ends closed by sutures.
Postoperative complications are rare except in the premature
infant, for whom other factors, such as respiratory distress,
complicate recovery. The incidence of laryngeal nerve palsy
of the vocal cords is about 4%, with smaller neonates at the
greatest risk. 22 Recently video-assisted thorascopic surgery
(VATS) has been successfully applied for closure of a PDA.
These patients are usually extubated in the operating
room and generally do not go to the PICO. Postoperative
issues include pain control and wound care. Assessment of
peripheral pulses, heart sounds, pulse oximetry, and breath
sounds is important. Rarely, ligation of nonductal vascular
structures (usually the left pulmonary artery) has occurred.
Atrial Septal Defect. An atrial septal defect (ASD)
exists when a nonphysiologic communication between the
left and right atrium persists beyond the perinatal period.
The atrial septum is formed between the fourth to sixth week
of gestation. The septum is composed of septum primum
and septum secundum. An opening, called the foramen
ovale, persists in the atrial septum throughout intrauterine
existence. This opening permits blood to bypass the lungs.
After birth, with an increase in left atrial pressure, the
foramen ovale closes. It should be noted that up to 30% of
normal adolescents and adults have a probe-patent, valvecompetent foramen ovale that is not considered an ASD and
is capable of producing an atrial shunt. 23 ASDs develop
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Fig. 18-5 Three locations of atrial septal defect (ASD). A, Sinus
venosus ASD; B, ostium secundum ASD; e, ostium primum ASD.
IVe, Inferior vena cava; LA, left atrium; LV, left ventricle;
MV, mitral valve; RA, right atrium; RV, right ventricle; SVC, superior vena cava; TV, tricuspid valve. (From Smith JB: Pediatric
critical care, Albany, NY, 1985, Delmar.)

from the defective development of the septum secundum or
the septum primum.
ASDs are classified according to their location in the
atrial septum. The most common site is at the center of the
atrial septum at the level of the foramen ovale; this is called
an ostium secundum ASD. If the defect occurs high in the
atrial septum, it is called a sinus venosus ASD. This defect,
located near the junction of the superior vena cava and the
right atrium, can also be associated with partial anomalous
pulmonary venous connection. When the defect occurs low
in the septum, it is identified as an ostium primurn ASD (Fig.
18-5). Primum ASDs are often associated with AV valvar
abnormalities or AV septal defects. A rare defect, the
coronary sinus type (unroofed coronary sinus), is located at
the roof of the coronary sinus.
The hemodynamic significance of ASDs depends on the
size of the defect, the location, associated cardiac anomalies,
and right heart compliance. During the postnatal transition
period, PVR is generally elevated, and right heart compliance is decreased; therefore shunting may be minimal at first
(even with large defects). In older infants and children, the
right heart is more compliant than the left; therefore the
atrial shunt is left to right. Left-to-right atrial shunt imposes
a volume load on the right heart, resulting in right heart
enlargement.
Clinical Presentation and Course. Children with
small shunts will be asymptomatic, and it is not unusual for
this defect to be missed until school age or adolescence.
Those with large shunts will have a systolic murmur and a
fixed, widely split second heart sound. With secundum
ASDs, clinically significant CHF and growth failure are
unusual, although this can occur with primum defects.
Echocardiogram is sufficient to make the diagnosis and to
determine the location and size of the defect, and cardiac
catheterization is almost never needed.

Management. Isolated secundum ASDs do not usually require medical management before elective surgical closure. Children with an ostium primum ASD
and associated AV valve abnormalities that present with
CHF are treated with anticongestive therapy. Small and
some moderately sized ASDs will close spontaneously
during the first few years of life. Closure of small,
hemodynamically insignificant (no right heart enlargement)
ASDs remains controversial because the risks of cardiopulmonary bypass may outweigh the benefits. Endocarditis
prophylaxis is not recommended for secundum ASDs. It is
generally agreed that moderate to large defects should be
closed in childhood to prevent the future development of
pulmonary vascular disease with subsequent pulmonary
hypertension.
Device Closure. For some centrally located secundum
defects that are not excessive in size (less than 22 mm),
closure with an occluding device can be done in the cardiac
catheterization laboratory.21 A number of devices are
currently under Food and Drug Administration (FDA)
investigation. Risks include embolization of the device,
thrombus, malposition, and residual shunt. Long-term risks
and outcomes have yet to be defined.
Surgical Correction. Repair is traditionally recommended between 3 and 5 years of age 24 Surgical correction
is performed by means of a median sternotomy incision.
Today many surgeons use a ministernotomy technique. The
child is placed on cardiopulmonary bypass, and either suture
or a patch of pericardium or synthetic material is used to
close the ASD. With sinus venosus defects the patch is
placed so as to close the ASD and to direct any anomalous
pulmonary venous drainage into the left atrium. Because of
the proximity of the sinus node to the sinus venosus baffle,
damage to the sinoatrial (SA) node can occur. Repair of
ostium primum defects can result in damage to the AV node
or bundle of His.
Intravenous vasoactive agents are rarely needed following surgery, and most patients can be extubated in the
operating room or shortly thereafter. Postoperative concerns
include pain control, bleeding, and wound care. Complications include heart block, residual shunt, AV valve regurgitation (particularly following primum repairs), and atrial
arrhythmias. The potential development of atrial arrhythmias remains a complication for a lifetime?5
Pericardial effusions are quite common following ASD
repair and may not manifest until after the child is
discharged from the hospital. A friction rub, increased heart
size on chest radiograph, and echocardiographic evidence of
pericardial fluid are diagnostic. Most effusions respond to
ibuprofen or steroids; rarely is pericardiocentesis indicated.
Ventricular Septal Defect. A ventricular septal defect (VSD) is a communication between the ventricles. The
ventricular septum is established in fetal life during the
fourth to eighth week of gestation. The ventricular septum is
formed from muscular and membranous tissues that fuse
with the endocardial cushions and bulbus cordis. If development of these tissues is interrupted in fetal life, a VSD
results. The size of a VSD varies from that of a pinpoint to
the absence of the entire septum. Types of VSDs include
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perimembranous, subpulmonary, muscular, and malaligned
canal type.
Generally, a VSD shunt is left to right; however, a
number of variables determine the direction and degree of
shunting. These include the size of the defects and the
relative pressure differences between the right and left
ventricle. Small VSDs can be hemodynamically insignificant with very little shunt; many of these close spontaneously during the first few years of life.
At birth, when PVR is elevated, there may be no or very
little shunt. However, during normal postnatal transition, as
PVR and right heart pressures fall below systemic pressures,
a left-to-right shunt will develop. Because this occurs over
time, many VSDs are not detected until 4 to 6 weeks of age.
Exceptions to this are very large VSDs that can produce
CHF early or lung disease that can contribute to prolonged
elevation of PVR, therefore protecting the pulmonary
vascular bed from overcirculation.
Once PVR normalizes, a left-to-right shunt with pulmonary overcirculation develops. The size of the shunt directly
influences the child's initial clinical presentation and the
effect of excessive blood flow on the pulmonary vasculature. Increased PBF will impose a volume load on the
left heart, with subsequent left heart enlargement. Over
time, pulmonary overcirculation contributes to progressive
structural and functional abnormalities in the pulmonary
vascular bed, with the subsequent development of pulmonary hypertension. 26
If the defect is not closed in a timely manner, then
irreversible pulmonary vascular disease can occur with fixed
(does not respond to pulmonary vasodilators) pulmonary
hypertension. In the presence of suprasystemic pulmonary
artery pressure, the ventricular shunt is reversed (right to
left) and the patient becomes chronically cyanotic. Fixed
pulmonary hypertension in the presence of left-to-right
shunt lesions is known as Eisenmenger's complex. These
patients are no longer candidates for primary cardiac repair
and require heart/lung transplantation. Fig. 18-6 illustrates
possible hemodynamic variations of VSD.
Clinical Presentation and Course. Children with
small VSDs will be asymptomatic and generally do not
develop CHF. Moderate to large VSDs will result in CHF in
the absence of pulmonary hypertension. Infants will display
tachypnea, poor feeding, and poor weight gain. Echocardiogram is sufficient to determine the size, location, and
hemodynamic significance of the VSD; cardiac catheterization is not indicated unless pulmonary vascular disease is
a concern.
Management. Spontaneous closure of small perimembranous or muscular VSDs occurs in up to 50% of
patients. Although controversial, many clinicians do not
recommend closing small VSDs that do not result in left
heart enlargement or cardiomegaly because the risks of open
heart surgery may outweigh the benefits of closure. However, data have shown that small VSDs are not necessarily
benign defects during adulthood because of the risk of
endocarditis, arrhythmias, and progressive aortic regurgitation 27 Endocarditis prophylaxis is recommended for all
patients with a VSD, regardless of the size.
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MODERATE VSO
PVR LOW BUT VARIABLE

D
EISENMENGER'S COMPLEX

A to D, Illustrations of small, moderately restrictive,
and nonrestrictive (large) perimembranous ventricular septal defect (VSD). PVR, Pulmonary vascular resistance; Ao, Aorta;
LA, left atrium; LV, left ventricle; PT, pulmonary trunk; RA, right
atrium; RV, right ventricle. (From Perloff J K: The clinical
recognition of congenital heart disease. ed 4, Philadelphia, 1994,
WB Saunders, p 402.)
Fig, 18·6

Children in CHF require anticongestive therapy consisting of diuretics, digoxin, and afterload reduction (ACE
inhibitors). Many of these infants also require nutritional
supplementation to increase the caloric density of their
formula or tube feedings. If the infant does not gain weight
appropriately despite medical management, then surgical
closure or pulmonary artery band is recommended.
Transcatheter Closure. Various umbrella devices are
currently under investigation for nonoperative, transcatheter
closure of VSDs. These devices are currently under FDA
investigation and are generally used in apical muscular
VSDs and in children who are considered poor surgical
candidates?1 Complications include embolization of the
umbrella arms and residual shunt.
Surgical Management. Pulmonary artery banding is
used in some patients who are deemed too small for
definitive correction, have multiple VSDs, or have medical
disorders that preclude definitive surgery.28 The band is then
removed in the operating room just before definitive
correction. Corrective repair of VSD is achieved via a
median sternotomy incision. Cardiopulmonary bypass and
deep hypothermia are required. Sutures or a patch are used
to close the defect. Most defects are closed through a
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transatrial approach; rarely is a ventriculotomy required.
Because of the proximity of the AV node and His bundle to
many septal defects, care is taken to avoid damage to
the conduction system because this can result in acquired
heart block.
Postoperative complications may include residual VSD,
heart block, low cardiac output, and junctional ectopic
tachycardia. In patients with elevated pulmonary pressures
preoperatively, right heart failure can occur. Aortic insufficiency can develop after repair of subarterial defects and is
identified by the presence of a widened pulse pressure and
a diastolic murmur,z9
In the absence of pulmonary vascular disease, most
patients can be extubated and weaned from oxygen quickly.
Those with pulmonary hypertension may require longer
ventilatory and oxygen therapy. If there is preoperative
pulmonary hypertension, then a pulmonary artery (PA)
catheter is usually inserted intraoperatively before closure of
the chest. Maneuvers to decrease PVR (oxygen, nitric oxide,
alkalosis) are implemented until PA pressures decrease or
normalize.
If concern remains about a residual VSD and a PA and
right atrial (RA) line are in place, then simultaneous PA and
RA oxygen saturations can be obtained to help evaluate for
a residual septal defect. A step up (increase) in the PA
saturation from the value obtained from the RA, especially
if the PA saturation is greater than 80%, strongly suggests
the presence of a residual VSD. In this scenario a
high-frequency systolic murmur will also be appreciated.
The exception to this would be the presence of equal
ventricular pressures without significant left-to-right shunt;
therefore a step up or murmur may not be appreciated.
Atrioventricular Septal Defect. An atrioventricular
septal defect (AVSD) generally involves a primum ASD, AV
valve abnormalities, and a VSD. However, this defect is
quite variable and is classified as balanced, unbalanced,
incomplete, and complete. When the ventricles are of equal
size, the defect is balanced. An unbalanced defect is when
one ventricle is larger than the other (i.e., right ventricle
[RV] dominant). An incomplete defect primarily consists of
a primum ASD and two AV valve orifices with a cleft mitral
valve. A complete defect consists of a primum ASD, VSD,
and a common AV valve with five leaflets. This defect is
prevalent in children with trisomy 21 (Down syndrome).
During fetal life, the endocardial cushions are responsible for the development of the mitral and tricuspid valves,
the upper ventricular septum, and the lower atrial septum.
The endocardial cushions also playa role in the placement
of the AV conduction system. These developments occur
between the fourth and eighth week of gestation. Inadequate
development of these fetal structures may result in a variant
of AVSD. The sections that follow contrast the incomplete
and the complete types of AVSD.
Incomplete AVSD. The infant or child with an
incomplete AVSD presents with an ostium primum ASD, as
well as variable degrees of AV valve abnormalities. A cleft
mitral valve (Fig. 18-7) is the classic associated anomaly.
Hemodynamic alterations are determined by the size of the
septal defect, degree of mitral valve incompetence, and
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Fig. 1S-7

Incomplete atrioventricular septal defect (AVSD).
B, cleft mitral valve.
IVe, Inferior vena cava; LA, left atrium; LV, left ventricle; RA. right
atrium; RV, right ventricle; SVC, superior vena cava; TV, tricuspid
valve. (From Smith IB: Pediatric critical care. Albany, NY, 1985,
Delmar.)

A. Ostium primum atrial septal defect;

Fig.1S-S Complete atrioventricular septal defect (AVSD). A, Ostium primum atrial septal defect; B, Common atrioventricular
valve; C, Ventricular septal defect. LA, left atrium; LV, left
ventricle; PV, pulmonary vein; RA. right atrium; RV, right ventricle.
(From Smith JB: Pediatric critical care, Albany, NY, 1985,
Delmar.)

PVR. Once PVR falls to normal, the shunt is left to right. If
the mitral valve is competent, despite an anatomic abnormality, hemodynamics will be the same as an ostium
primum ASD. A cleft mitral valve that is insufficient will
produce a left ventricular to right atrial shunt (through the
ASD) increasing the volume load on the right heart. If the
ASD is small, mitral insufficiency will increase LAP and
volume.
Complete AVSD, In the complete form of AVSD, an
ostium primum ASD, a VSD in the upper ventricular
septum, and a common AV valve are present (Fig. 18-8),
These defects generally allow significant left-to-right shunt
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(in the absence of pulmonary vascular disease) with
pulmonary overcirculation. The right atrium can receive
blood from two intracardiac sources. During systole, a left
ventricle to right atrial shunt can occur via the insufficient
mitral valve and the ASD. Blood can also enter the right
atrium from the right ventricle via the incompetent tricuspid
valve. This increase in right heart volume and pulmonary
overcirculation can contribute to the development of pulmonary hypertension if the defect is not closed in a timely
manner. Factors that play an important role in determining the degree of shunting are pulmonary resistance,
systemic resistance, ventricular pressures, and myocardial
compliance.
Clinical Presentation and Course. Infants and children with incomplete AVSD may be asymptomatic, or they
may have the same clinical symptoms as those with a
primum ASD. If mitral regurgitation is significant, then
signs and symptoms of CHF may develop. Those infants
with complete AVSD generally develop CHF early, unless
they have pulmonary hypertension.
Echocardiogram is sufficient to diagnose the defect, size
of the septal defects, and hemodynamic significance (heart
size and function). Cardiac catheterization is indicated if
pulmonary vascular disease is a concern or if questions
remain regarding anatomy and intracardiac pressures.
Management
Incomplete AVSD. The infant or child with an incomplete AVSD is treated in the same way as children with a
primum ASD. Endocarditis prophylaxis is indicated because
of mitral valve abnormalities. If CHF occurs secondary to
significant mitral insufficiency, then anticongestive therapy
is indicated with digoxin and diuretics.
Complete AVSD. An infant with complete AVSD generally requires anticongesti ve therapy once PVR falls and
the left-to-right shunt becomes significant (commonly by 2
months of age)30 These children are also at high risk for the
development of respiratory infections (particularly respiratory syncytial virus) and pneumonia, which may preclude
surgical repair at the time of active respiratory illness.
Therefore respiratory infections should be treated aggressively. Auscultatory or echocardiographic evidence of
developing pulmonary hypertension may also be an indication for surgical intervention.
Surgical Management. Surgery is recommended for
those who fail medical management or who fail to thrive.
Surgery is generally recommended before the child reaches
I year of age because the development of severe pulmonary
vascular obstructive disease is likely thereafter. Early repair
is indicated in patients with Down syndrome because of the
proclivity to develop early pulmonary vascular disease in
this population. Complete intracardiac repair of complete
AVSD is achieved between 6 and 12 months of age when
heart failure is present and generally not later than 2 years
of age in those without severe symptoms.
Corrective surgery is performed via a midline sternotomy
incision with deep hypothermia and cardiopulmonary bypass. An incomplete AVSD is repaired with autologous
(pericardium) or synthetic patch closure of the ASD and by
suturing the cleft in the mitral valve 30 Relative to synthetic
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patches, autologous patches have been associated with a
decreased incidence of hemolysis. Corrective repair of a
complete AVSD involves either a single- or two-patch repair
of the ASD and VSD and repair of the mitral or tricuspid
valves or both. The AV valves are reconstructed usi ng
available tissue from the common AV valve leaflets with the
objective of achieving valve competence. Mitral valve
replacement may be necessary on rare occasions. Close care
is taken during suturing to prevent heart block. Postoperative complications may include heart block, arrhythmias,
residual shunt, and AV valve insufficiency. A small percentage of these patients will require mitral valve replacement in
the future for persistent mitral regurgitation 28
Many of these patients will have transthoracic atrial
(right and left) and PA catheters in place for pressure
monitoring. The timely diagnosis of the cause of left atrial
(LA) and PA pressure elevation will dictate therapy.
Treatment of pulmonary hypertension includes oxygen,
sedation, alkalosis, normothermia, and possibly nitric oxide
(see Chapter 7). Elevation of LA pressure can indicate left
heart failure. Aggressive volume resuscitation should be
avoided because it can initiate a vicious cycle of annular
dilation, increased left AV valve regurgitation, low cardiac
output, and hypotension. Inotropes and afterload reduction
are the initial intervention. Mechanical support (intraaortic
balloon pump [IABPJ, ventricular assist device [VADj,
extracorporeal membrane oxygenation [ECMO]) or reoperation may be necessary. 30

Acyanotic Defects That Obstruct Flow
Coarctation of the aorta and aortic stenosis are two common
cardiac lesions that result in increased left ventricular work.
When occurring in isolation because no abnormal intracardiac connections are present, shunting of blood does not
occur, PBF is normal, and cyanosis is absent.
Pulmonary stenosis, unless very severe, is a third
common defect that does not produce cyanosis. If severe,
pulmonary stenosis will result in increased right ventricular
work and hypertrophy. (Table 18-4 summarizes the findings
on cardiac examination, ECG, and chest radiograph of
children with these defects.)
Isolated mitral stenosis, an uncommon defect, obstruct~
pulmonary venous return and does not cause an alteration
in oxygen saturation. Mitral atresia or marked hypoplasia
is representative of the spectrum of infants with hypoplastic left heart syndrome. Isolated mitral stenosis is not
discussed here.
Coarctation of the Aorta. Coarctation of the aorta is
a narrowing of the aorta distal to the left subclavian artery
at the insertion of the ductus arteriosus Uuxtaductal). Like
other congenital heart defects, aortic coarctation exists along
a spectrum; however, it is usually described as neonatal or
adult coarctation and typically presents in neonates, infants,
or older children. This lesion possibly exists as a result of
decreased antegrade blood flow across the isthmus during
fetal development. In addition, ectopic ductal tissue that
exists in the aorta at the insertion of the ductus arteriosus
may constrict at birth, resulting in aortic coarctation. 31
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TABLE 18-4 Acyanotic Congenital Heart Defects That Obstruct Flow
.1&

!Defect

Cardiac Examination

Electrocardiogram

Chest Radiograph

Systolic murmur left upper chest and midscapula; decreased or absent femoral pulses;
arm/leg BP gradient; upper extremity
hypertension

Varying degrees of left ventricular hypertrophy

Normal or cardiomegaly; enlarged left atrium
and left ventricle; dilated ascending aorta;
rib notching in children ovcr 8 years of age
with extensive collateral circulation

Ejection click best heard at the fourth ICS
to the left of the sternum; rough, harsh
mumJUr best heard at base of the heart
to the right of the sternal border
Palpable thrill best felt at the suprasternal
notch and at the second right ICS;
diminished S2
Similar to valvular AS, with absence of
ejection click
Normal S ,; absent ejection click; ejection
systolic murmur; palpable thrill may
be present

Left ventricular hypertrophy, or may be
normal

;IIJ1.'

',Ii~oarctation of the aorta

ii'T: :.
'j'

,J.:;l:

~jAortic

'iii;'"

stenosis

~ .,'.• .V":• ',alVUlar (mild to moderate)

1
I~,prn'"~I"
~:~,

~~':

'Ii>
1i1":

ijModerate to severe

~'

,;Subvalvular
~.;

~~.

:!W

jif

May appear nonllal; possible left ventricular
enlargement and dilated ascending aorta

iiYalvular (mild to moderate)

1;

ii

'!Ill"'"

llSevere
I·
~l

I~fundibular (fibrous

ring)

Left ventricular hypertrophy; possible ST
and T wave changes, or may be normal

Same as for mild to moderate AS; pulmonary
congestion may be seen

Same as for valvular AS

Similar to valvular AS, but dilation of aorta
absent
Ascending aorta smaller than normal;
descending aorta normal in size

Same as for valvular AS

Systolic ejection click after. followed by
systolic ejection murmur best heard at
upper left sternal border and radiating
widely; possible palpable thrill at second
left ICS; right ventricular lift
MurnlUr increased in duration and intensity,
obscuring S2; no ejection click audible
Similar to valvular PS, but no ejection click

Normal or right ventricular hypertrophy

Normal or right ventricular and main pulmonary artery enlargement; normal left heart
and pulmonary vascular markings

Right ventricular and right atrial hypertrophy

Same as above. with right atrial enlargement

Same as for valvular PS

No ejection click; short systolic munnur
ending before S2' best heard at third or
fourth left ICS; palpable thrill with severe
stenosis; bulging of lower precordium; right
ventricular heave
Systolic ejection murmur heard over sites of
obstruction, radiating through pulmonary
vasculature; occasional continuous murnlUr:
normal S I and S2; no ejection click

Same as for valvular PS

Right ventricular enlargement; normal pulmonary artery, left heart, and pulmonary
vascular markings
Same as for fibrous ring infundibular PS

i i:

Me·
~<;ubvalvular

',0,. ' Aortic Slenosis;

BP,

blood pressure;

ICS,

intercostal space;

PSi

pulmonary stenosis;

OJ

~
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3'

b'
3
3
o

.....
:J

~

:::T

~!Pulmonary stenosis
"-:

'V

Normal or RVH

RVH.

right ventricular hypertrophy;

Normal or variable enlargement of right heart
chambers and main pulmonary artery

Sf'

first heart sound;

S"

second heart sound.

~
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INFANTILE

Fig. 18-9 Schematic showing difference hetween infantile and adult forms of coarctation. (From
Castenada AR, Jonas RA, Mayer JE et al: Cardiac surgery of the neonate and infant. Philadelphia, 1994,
WB Saunders.)

Associated lesions include PDA, tubular hypoplasia of
the aortic arch, bicuspid aortic valve, patent foramen ovale,
ASD, and YSD. Aortic coarctation in neonates often
presents with a PDA and varying degrees of hypoplasia of
the distal aortic arch. Lower body perfusion is often
dependent on ductal patency. Associated cardiac lesions are
common, yet major collateral arteries are typically absent in
neonates.
Older children who present with the adult type of aortic
coarctation usually have an isolated discrete coarctation at
the location of the ligamentum arteriosum. This condition is
often associated with a bicuspid aortic valve; however, other
associated cardiac defects are unusual, and the proximal
aortic arch is typically well developed. Coarctation in these
children appears as an hourglass narrowing with associated
arterial collateral vessels between the upper and lower body.
Fig. 18-9 depicts both infantile and adult coarctation.
Coarctation of the aorta may be part of a spectrum of
left-sided obstructive defects referred to as Shone's complex. This spectrum includes varying forms of mitral
stenosis, hypoplastic left ventricle, subaortic stenosis, aortic
stenosis, and coarctation of the aorta. In addition, aortic
coarctation can appear in combination with other more
severe forms of congenital heart disease, including hypoplastic left heart syndrome, Taussig-Bing anomaly, and
transposition of the great arteries with tricuspid atresia.
Neonatal Coarctation. The pathophysiology of coarctation in newborns is dependent on the degree of aortic

obstruction, the patency of the ductus arteriosus, and the
presence of associated intracardiac lesions. Constriction of
the aorta in a neonate will result in left ventricular failure
and cardiovascular collapse. Although the PDA will supply
the lower body with blood flow, sudden closure will also
result in cardiovascular collapse. Left ventricular failure will
eventually lead to elevated LAP and pulmonary edema. The
presence of a YSD will result in a left-to-right shunt and
possible delay of left ventricular dysfunction.
Adult Coarctation. Constriction of the aorta leads to
increased afterload for the left ventricle with the development of left ventricular hypertrophy. Collateral arterial
vessels from the upper body to the lower body provide
adequate perfusion distal to the coarctation.
Clinical Presentation and Course
Neonatal Coarctation. Presentation of neonatal coarctation is dependent on the pathophysiologic condition,
specifically, the amount of constriction and the timing of
ductal closure. With severe coarctation and acute ductal
closure, neonates can have acute cardiovascular collapse,
metabolic acidosis, and end-organ ischemia. This can result
in intracranial hemorrhage, renal failure, and necrotizing
enterocolitis. When the development of the coarctation is
slow and ductal closure is delayed, these patients can
present in early infancy with CHF and differential blood
pressure between their upper and lower extremities.
Adult Coarctation. Adult aortic coarctation typically
presents in older children and adolescents on routine
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physical examination. Clinical signs include systemic hypertension, arm/leg pressure gradient, and diminished pulses
in the lower extremities. If undiagnosed, these patients can
develop complications such as myocardial infarction, cerebral vascular accidents, endocarditis, aortic aneurysms
and dissection, CHF, headaches, lower body symptoms,
and epistaxis.3 2
Management
Neonatal Coarctation. Neonates who present with cardiovascular collapse are aggressively resuscitated and
treated with a continuous infusion of PGE I to maintain
ductal patency and adequate lower body perfusion. In
addition to opening the ductus arteriosus, PGE 1 may relax
the area of aortic coarctation where ductal tissue exists. If
left ventricular dysfunction is present, the administration of
inotropic agents may be necessary. Administration of
sodium bicarbonate to correct the metabolic acidosis is
important to improve cardiac performance. Endotracheal
intubation and mechanical ventilation may be necessary for
the unstable neonate. In those infants with a VSD overoxygenation and hyperventilation should be prevented to avoid
lowering PVR and subsequent pulmonary overcirculation.
The overall goal should be the prevention of end-organ
ischemia. If this exists, reversal of the process with recovery
should be accomplished before surgery.
Adult Coarctation. The older child whose coarctation is
detected on routine physical examination requires close
assessment of blood pressure. Significant hypertension may
require the use of antihypertensive agents preoperatively. If
significant hypertension is present at rest, exercise restriction may be recommended. Antibiotic prophylaxis for
bacterial endocarditis prevention is recommended preoperatively and postoperatively in children with associated
bicuspid aortic valve.
Transcatheter Dilation. Balloon angioplasty performed
in the catheterization laboratory has been shown to be
successful in dilating both nati ve and recurrent coarctation
of the aorta. In general, balloon dilation of recurrent
coarctation is thought to be safer than native coarctation due
to supporting scar tissue that can reduce the risk of aortic
rupture. 33 However, with improved technique and skill
level, this intervention has been successfully used in some
centers to treat native coarctation 34 Risks of aortic rupture
are slightly increased in neonates.
In addition, stents have been successfully placed in
the aorta to relieve mild native and recurrent coarctation.
Because of the size of the introducer, this technology is
primarily reserved for school-aged, adolescent, and adult
patients.
Surgical Management. Neonates and infants with
ductal-dependent systemic blood flow are surgically repaired on presentation following adequate resuscitation and
recovery of end-organ ischemia. Children with systemic
hypertension who are otherwise asymptomatic have traditionally undergone surgery between the age of 3 to 5 years.
The current trend, however, is to repair on presentation to
avoid the postoperative complications of residual hypertension and postcoarctectomy syndrome.

The surgical technique used for repair depends on the
type of coarctation and institutional preference. Current
techniques include the resection-and-anastomosis technique, subclavian flap aortoplasty, and the synthetic patch
aortoplasty. These techniques are performed without the use
of cardiopulmonary bypass. When associated intracardiac
lesions are involved, the coarctation may be repaired
initially, followed by a later procedure for intracardiac
repair. When patent, the ductus arteriosus is ligated.
The coarctation repair is preformed via a posterolateral
thoracotomy incision. The aorta is temporarily clamped
proximal and distal to the coarctation. The resection-andanastomosis techniques most commonly include a resection
of the ductal tissue, coarctation, and narrowed segment of
the aorta, followed by an end-to-end or end-to-side anastomosis. The end-to-side anastomosis involves bringing the
distal end of the aorta more proximal and performing the
anastomosis underneath the aortic arch. The advantage of
the resection-and-anastomosis technique is the removal of
the ductal tissue along with the coarctation. The disadvantages include the potential for tension on the suture line, a
greater degree of technical difficulty, more extensive dissection, and the presence of a circumferential scar3 )
With the subclavian-flap angioplasty technique, the
subclavian artery is ligated, and an incision is made from the
proximal subclavian artery along the area of aortic coarctation. Hypoplastic tissue is removed, and the flap of
subclavian artery is folded down and used to patch the aorta.
Advantages of this approach include use of native tissue,
avoidance of tension on the suture lines, and no circumferential scar. Disadvantages include interruption of blood flow
to the left arm with potential growth alteration, retention of
abnormal ductal tissue in the aorta, and potential for
development of an aneurysm. 31
With the patch aortoplasty technique, the area of
coarctation is incised, and a patch of pericardial tissue or a
synthetic patch is placed to widen the area of hypoplasia.
The advantages and disadvantages of this procedure are
similar to the subclavian-flap technique; however, left arm
perfusion is not interrupted with the patch aortoplasty.
Systemic hypertension is the most common postoperative problem after surgical repair for coarctation of the aorta.
Although seen in neonates and infants, this is more common
in children and adolescents who have sustained longer
periods of altered lower body perfusion. The cause of
hypertension is thought to be multifactorial, including the
presence of increased catecholamines, derangement of the
RAAS, and disrupted baroreceptor response. 32 Systemic
hypertension can lead to bleeding along the aortic suture
lines or from collateral arteries if present. A continuous
infusion of sodium nitroprusside or esmolol is often
recommended to control hypertension. The short half-life of
sodium nitroprusside provides rapid initial treatment and
allows quick adjustments in titration. The presence of
postoperative hypertension may be transient or may last
for days or months. Long-term administration of afterloading agents, such as captopril or ~-blockers, may be
indicated. Maintenance of appropriate blood pressure also
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requires control of postoperative pain and agitation. These
interventions can be crucial in avoiding postoperative
bleeding.
Postcoarctectomy syndrome may be caused by mesenteric arteritis secondary to the introduction of pulsatile blood
flow to the lower body and subsequent vessel injury or reflex
vasoconstriction after surgery32 This syndrome is rarel y
seen in neonates and infants and is more common in older
children who have severe coarctation and preoperative
systemic hypertension. Symptoms include abdominal pain,
abdominal distension, nausea, ascites, fever, and leucocytosis. It is often associated with postoperative systemic
hypertension. Treatment includes nasogastric decompression and the administration of intravenous fluids. Oral
feedings are withheld until symptoms resolve.
Spinal cord ischemia is a potential complication that is
rarely seen in neonates and infants. The cause, although not
completely understood, may be secondary to abnormal
spinal artery anatomy or inadequate collateral circulation
during the aortic clamp time. A complete neurologic
assessment, specifically, evaluation of lower body movement, is critical to assess for this complication.
Additional potential complications that require nursing
assessment in the postoperative period include injury to
thoracic structures obtained secondary to the surgical
thoracotomy. Damage to the thoracic duct leading to the
development of a chylothorax, damage to the laryngeal
nerve leading to vocal cord paralysis and stridor, or damage
to the phrenic nerve leading to diaphragm paralysis are
possible complications that must be evaluated.
Residual coarctation may develop after neonatal and
infant repair during the first year after surgery. Management
may include reoperation or balloon dilation. Four-extremity
blood pressure assessment in the early postoperative period
is important to evaluate for a residual gradient between
upper and lower body measurements.
In addition to the observation and management of
potential complications, it is important for the nurse to
question the presence of associated intracardiac lesions,
especially in neonates and infants. This may alter the
postoperative management plan or present additional complications. For example, the presence of a large VSD may
alter the postoperative mechanical ventilation plan to avoid
excessive left-to-right intracardiac shunting and pulmonary
overcirculation.
Aortic Stenosis. Aortic stenosis can be defined as a
lesion that results in obstruction of blood flow from the left
ventricle to the aorta. Aortic stenosis is categorized into
three subgroups depending on the location of the obstruction. These include valvar aortic stenosis, subvalvar aortic
stenosis, and supravalvar aortic stenosis (Fig. 18-10).
Valvar Aortic Stenosis. Valvar aortic stenosis exists
along a spectrum of disease with variable obstruction. Most
patients have an isolated bicuspid aortic valve and remain
asymptomatic until they are adults. Valvar aortic stenosis in
neonates and young infants is commonly called critical
aortic stenosis and often presents in the neonatal period with
cardiogenic shock. In this case, the valve commissures may
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Fig. 18-10 Four locations of aortic stenosis (AS). A, Supravalvular AS; B, valvular AS; C. discrete subvalvular AS; D, idiopathic
hypertrophic subaortic stenosis. Ao, Aorta; CT, chordae tendineae;
FM, fibrous membrane; HPM, hypertrophic papillary muscle;
LA, left atrium; LV. left ventricle; MV. mitral valve;
pulmonary
vein. (From Smith JB: Pediatric critical care. Albany, NY, 1985,
Delmar.)

pv.

be fused, the valve annulus may be small, and the valve
leaflets may be thick and deformed. Neonates may also have
a hypoplastic ascending aorta and left ventricle. Older
infants may have valvar stenosis and left ventricular
hypertrophy. Older children usually have a bicuspid aortic
valve with thickened valve leaflets. Associated lesions
include supravalvar aortic stenosis, mitral val ve abnormalities, and coarctation of the aorta. Aortic insufficiency and
endocardial fibroelastosis may be present as a result of the
valvar aortic stenosis.
Neonates with critical aortic stenosis will receive systemic blood flow after birth through a PDA. The left
ventricle, however, will be dilated and poorly contractile,
and coronary perfusion may depend on retrograde flow and
be compromised. Left ventricular dysfunction will lead to
elevated LAP and the development of pulmonary edema and
pulmonary hypertension. When the ductus arteriosus closes,
circulatory shock can result with the development of renal
failure, necrotizing enterocolitis, and intracranial hemorrhage. Older children with valvar aortic stenosis typically
have left ventricular hypertrophy secondary to the chronic
pressure overload.
Clinical Presentation and Course. Neonates with
critical aortic stenosis present with dyspnea and tachypnea,
irritability, pallor, narrowed pulse pressure, oliguria, and
metabolic acidosis when the ductus arteriosus closes. Older
children are often asymptomatic, presenting with a murmur.
When moderate to severe obstruction exists, they can
present with syncope, exercise intolerance, angina, and
possibly sudden death.
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Management. Neonates with cardiogenic shock are
aggressively treated with a continuous infusion of PGE 1 to
maintain ductal patency and ensure systemic blood flow.
Mechanical ventilation, inotropic support, and administration of sodium bicarbonate are often necessary to treat the
shock. When the shock state has been reversed, invasive
intervention is performed.
The management of older children depends on their
symptoms and the severity of the obstruction. The presence
of a gradient greater than 50 mmHg across the obstruction
along with symptoms of angina or ST-T segment changes in
the ECG usually warrants surgical intervention?2 Asymptomatic children with mild to moderate obstruction may be
medically managed and followed for signs of worsening
obstruction. Vigorous physical activity may be limited in
these patients to prevent the risk of sudden death. These
patients are particularly prone to bacterial endocarditis and
require prophylaxis with antibiotic therapy for invasive
procedures. Treatment for valvar aortic stenosis in neonates
and young infants includes percutaneous balloon dilation or
surgical valvotomy or both.
Transcatheter Dilation. In balloon dilation, a balloon
catheter is placed retrograde across the aortic valve, the
balloon is inflated, and the valve is dilated. This approach
has reduced the need for surgical valvotomy in some
patients. In others, it serves to palliate the infant or small
child until definitive repair with a Ross procedure. When
aortic valve regurgitation is present or the balloon dilation is
not successful, a surgical valvotomy may be indicated.
Surgical Management. With the use of cardiopulmonary bypass, an aortic incision is made, and valve commissures are incised in a way that avoids worsening aortic
insufficiency.
In older children, the goal of management is to preserve
left ventricular function; therefore the obstruction must be
removed before permanent damage occurs. When surgery is
indicated, options include surgical valvotomy, valvuloplasty, or aortic valve replacement. Aortic valve replacement options include the Ross procedure or prosthetic valve
replacement. With the Ross procedure, the aortic valve is
replaced with a pulmonary autograft, and a pulmonary
homograft is placed in the right ventricular outflow tract
to the pulmonary artery. Coronary artery reimplantation
into the neoaorta is necessary with this procedure. Criteria
for the Ross procedure may include the presence of a normal
pulmonary valve, absence of pulmonary insufficiency, and
absence of rheumatic and connective tissue disease. Although with advances in surgical skill, these criteria are
being broadened. 35 Anticoagulation is not needed after the
Ross procedure, and the new aortic valve will grow with the
patient. Valve replacement may also include the use of a
mechanical valve. In this case, anticoagulation is required,
and the valve will need replacement when the patient grows.
The Konno operation is another surgical option for aortic
stenosis. In this procedure, the aortic valve is approached
through a right ventriculotomy and an incision in the
ventricular septum. A patch is used to augment the left
ventricular outflow tract, and the valve is replaced with a
mechanical valve or a pulmonary autograft. 32

Postoperative management depends on the age of presentation, the degree of obstruction, the condition of the left
ventricle before surgery, and the specific procedure performed. Neonates are typically very ill after surgery and
suffer from left ventricular dysfunction. Older children
usually have an uneventful postoperative course, unless
significant preoperative left ventricular dysfunction exists.
Left ventricular dysfunction may result in low cardiac
output and ventricular arrhythmias in the postoperative
period, requiring inotropic support, afterloading reduction,
and antiarrhythmics.
Specific surgical procedures have potential complications. For example, complete heart block can occur after the
Konno operation. Myocardial ischemia can occur after the
Ross procedure if problems arise with the coronary artery
translocation.
Postoperative echocardiography provides information
regarding the presence of aortic insufficiency. When present,
additional afterload reduction may be necessary. Anticoagulation is necessary with mechanical valve placement. This is
initially provided with continuous infusions of heparin,
followed by the initiation of warfarin therapy later in the
postoperative course. Anticoagulation can be difficult in
neonates and infants secondary to immature liver function
and unreliable metabolism of anticoagulation agents.
Subaortic Stenosis, Subaortic stenosis is described
as an obstruction to outflow from the left ventricle to the
aorta that is beneath the aortic valve. This defect is most
commonly an isolated lesion in older children. In neonates
and infants, it can exist in combination with a VSD or
coarctation of the aorta. Additional associated defects
include double-chamber right ventricle, AV canal defects,
and the presence of aortic insufficiency.32 Types of subaortic
stenosis include membranous, fibromuscular, and hypertrophic. Membranous stenosis consists of a discrete ring of
tissue beneath the aortic valve and is usually seen in older
children. Fibromuscular obstruction involves a segment of
muscle tissue that can extend from below the aortic valve to
the mitral valve. Hypertrophic cardiomyopathy includes a
variety of obstructive lesions; however, it usually involves
hypertrophy of the ventricular septum (see section on
hypertrophic cardiomyopathy).
Pressure overload of the left ventricle results in progressive left ventricular hypertrophy and possible failure.
Turbulent blood flow below the aortic valve can cause
abnormalities of the valve and lead to the development of
aortic valve insufficiency and regurgitation.
Clinical Presentation and Course. Although present at birth, subaortic stenosis is rarely severe enough to
cause symptoms in neonates and young infants. Older
children can present with aortic insufficiency, left ventricular failure, syncope, and angina. Bacterial endocarditis and
sudden death are potential complications.
Management. Surgical intervention will depend on
the type of subaortic stenosis and the presenting symptoms.
When a significant gradient develops, surgery is performed
to prevent left ventricular failure. The development of aortic
insufficiency and the presence of associated intracardiac
lesions may also warrant surgery. When surgery is per-
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fonned, a median stemotomy is used with the institution of
cardiopulmonary bypass. For discrete membrane formation
beneath the aortic valve, the membrane and muscle are
surgically removed through an aortic incision. When extensive muscle excision is required for a tunnel type of stenosis,
muscle is removed via an aortic incision or the Konno
procedure. A combined Ross-Konno operation may be
necessary for complex aortic stenosis with left ventricular
outflow tract obstruction 32
Postoperative management after the removal of a discrete
subaortic membrane is usually uneventful. When extensive
muscle removal is warranted, left ventricular dysfunction
and the development of left bundle branch block or
complete heart block are possible. Inotropic support, afterload reduction, and temporary or pennanent pacemaker
therapy may be indicated. Aortic insufficiency can develop
or worsen if present preoperatively. Mitral valve damage
can also occur with extensive muscle resection, resulting in
mitral valve regurgitation.
Supravalvar Aortic Stenosis. Supravalvar aortic
stenosis is defined as an obstruction to blood flow occurring
in the ascending aorta above the aortic valve. This can
include the presence of a fibrous membrane, hypoplasia of
the ascending aorta, or the presence of an "hourglass"
defonnity of the aorta. Supravalvar aortic stenosis is often
found in children with Williams' syndrome, who have
characteristic faces (elfin), developmental delay, and personality changes. Hypercalcemia, peripheral pulmonary
stenosis, aortic coarctation, and renal artery stenosis may
also be present in these children. Supravalvular aortic
stenosis occurs less often than all other fonns of aortic
stenosis.
As with other fonns of aortic stenosis, this type of
obstruction can result in left ventricular hypertrophy and
dysfunction from the pressure overload. When the coronary
arteries are filled under pressure from the obstruction,
coronary artery abnormalities and ischemia can result.
Clinical Presentation and Course. This disease is
progressive and often reoccurs despite surgical intervention.
Patients with Williams' syndrome should always be evaluated for the presence of supravalvar aortic stenosis. Symptoms include poor growth, exercise intolerance, angina, and
syncope. Bacterial endocarditis and sudden death are
possible complications. Indications for surgical intervention
include the development of a significant gradient, myocardial ischemia, clinical symptoms, and the development of
coronary artery abnonnal ities.
Management. Supravalvular aortic stenosis is amenable to operative treatment if the narrowing is discrete and
can be widened with insertion of a patch. Surgery is
perfonned via a median sternotomy and the use of cardiopulmonary bypass. A vertical incision of the stenosed area is
made, and a patch is inserted to enlarge the aortic diameter.
Secondary aortic valve damage may occur as a result of
this surgery.
Postoperative care is usually more complicated after
surgical intervention compared with other types of aortic
stenosis. Extensive suture lines along the aorta can result
in systemic hypertension and bleeding. Treatment with
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afterload-reducing agents may be required. When coronary
abnonnalities are present, myocardial ischemia may occur.
Aortic insufficiency may be present if aortic valve damage
is present preoperatively or is a complication of the surgery.
Pulmonary Stenosis. Pulmonary stenosis is the result of an obstructive lesion that interferes with blood flow
from the right ventricle to the pulmonary artery. This lesion
can occur at a number of locations in the right ventricular
outflow tract and pulmonary artery. Subcategories include
valvar pulmonary stenosis, subvalvular pulmonary stenosis,
and supravalvular pulmonary stenosis (Fig. 18-11). Valvar
pulmonary stenosis typically presents with a bicuspid valve
that is fused at the commissures. This is the most common
fonn of pulmonary stenosis. Subvalvular pulmonary stenosis includes double-chamber right ventricle and infundibular
pulmonary stenosis. Double-chamber right ventricle typically consists of a fibrous or muscle ring of tissue below the
pulmonary valve within the right ventricle. Infundibular
stenosis involves muscle extension in the right ventricular
outflow tract. Supravalvular pulmonary stenosis can occur
within the main pulmonary artery or within any of its
branches. Often, multiple areas of stenosis exist throughout
the pulmonary vasculature. This is a rare defect and may be
associated with other arterial abnonnalities.
Regardless of the specific location of the pulmonary
stenosis, the hemodynamic result is obstruction of blood
ejected from the right ventricle in systole. This obstruction
places a pressure burden on the right ventricle.

Fig. 18-11 Four locations of pUlmonary stenosis (PS). A, Branch
pulmonary artery stenosis; B, discrete supravalvular PS; C, valvular PS; D, subvalvular PS. NC, Inferior vena cava; LPA, left
pulmonary artery; RA, right atrium; RPA, right pulmonary artery;
RV, right ventricle; PA. pulmonary artery; SVC, superior vena cava;
TV, tricuspid valve. (From Smith 18: Pediatric critical care,
Albany. NY, 1985. Delmar.)
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Valvular Pulmonary Stenosis. Obstruction to ventricular emptying and the resultant increase in right ventricular pressure cause right ventricular and main pulmonary
artery enlargement. The right ventricle enlarges as its
muscular wall hypertrophies in response to the increased
afterload it must overcome. The main pulmonary artery
enlargement is characteristic of poststenotic dilation. However, pressure in the pulmonary trunk is normal or lower
than normal, and therefore the peripheral pulmonary vasculature and the left heart are unaffected. When severe valvar
pulmonary stenosis is present, right atrial pressure may also
increase, with resultant enlargement of the right atrial
chamber.
Subvalvular Pulmonary Stenosis. Double-chamber
right ventricle and infundibular pulmonary stenosis are
characterized by right ventricular hypertrophy that develops
in response to the increased pressure in the ventricle as it
pumps against an obstruction. However, the increased force
is dissipated over an area of obstruction that is larger than
that of valvular pulmonary stenosis, and, as a result, the
main pulmonary artery remains normal in size. Pressure in
the main pulmonary artery is normal or reduced.
Supra valvular Pulmonary Stenosis. Unlike the
other forms of pulmonary stenosis, supravalvular lesions
produce hypertension in the main pulmonary artery as well
as in the right ventricle. However, ventricular and pulmonary artery enlargement vary with the severity and location
of the lesions.
Clinical Presentation and Course. Children with
pulmonary stenosis are followed closely to detect, as early
as possible, progression of their stenosis with growth.
Although progression is less likely in children with pulmonary stenosis than in those with aortic stenosis, it is detected
by changes in the murmur (increased intensity, loss of
ejection click, the development of a palpable thrill),
increased right ventricular hypertrophy on ECG, or increased clinical symptoms. Children with pulmonary stenosis have a low risk of developing bacterial endocarditis, but
antibiotic prophylaxis with dental work or other surgical
procedures is generally provided.
Management. Treatment of pulmonary stenosis is
recommended when the pressure gradient across the right
ventricular outflow tract is 50 to 60 mmHg.
Transcatheter Dilation. Discrete valvular pulmonary
stenosis can be treated successfully by balloon valvoplasty
in the cardiac catheterization laboratory. In general, this
approach is quite successful, resulting in a gradient of less
than 50 mmHg, RV pressure of less than half systemic, and
mild pulmonary insufficiency. In many patients, this is the
treatment of choice without any required subsequent surgical intervention. Exceptions are those patients with dysplastic pulmonary valves.
Surgical Management. In patients who are not candidates for balloon dilation, surgical valvotomy is performed.
Cardiopulmonary bypass is used, and an incision is made in
the pulmonary artery. Incising the fused commissures as
widely as possible relieves valvular stenosis. The right
ventricular infundibulum is palpated through the newly
enlarged pulmonary valve to detect localized muscular or
fibrotic obstruction. Subvalvular stenosis is excised widely

by means of a right ventriculotomy or through an incision in
the pulmonary artery.
Postoperatively, children who have had repair of valvular
pulmonary stenosis may have some degree of pulmonary
valve regurgitation, but this is generally not significant and
is well tolerated. Patients who, before surgery, have
significant right ventricular hypertension and hypertrophy
may develop some degree of right-sided CHF postoperatively and require digoxin or diuretic therapy for variable
periods. Most children recover uneventfully and continue to
grow and develop normally.

Cyanotic Congenital Heart Defects
With Decreased PBF
Cyanotic structural defects with decreased PBF generally
have obstruction within the right heart in combination with
an intracardiac shunt. These lesions result in intracardiac
mixing and systemic desaturation. Tetralogy of Fallot and its
variants are the most common lesion in this subgroup. Other
lesions include pulmonary and tricuspid atresia. Table 18-5
summarizes the clinical, ECG, and radiographic findings of
this population.
Tetralogy of Fallot. Tetralogy of Fallot (TOF) accounts for approximately 10% of all congenital heart defects
(CHDs). It consists of four primary cardiac defects resulting
from hypoplasia of the right ventricular infundibulum.
These include a malaligned VSD, infundibular pulmonary
stenosis, right ventricular hypertrophy, and aortic override
of the ventricular septum (Fig. 18-12). These four defects
result in a spectrum of disease dependent on the variations
and degree of right ventricular outflow tract obstruction
(RVOTO). TOF can be further categorized as TOF with
pulmonary stenosis (TOF-PS) and TOF with pulmonary
atresia (TOF-PA).
Tetralogy of Fallot With Pulmonary Stenosis.
Although variations exist, typically the RVOTO seen in
TOF-PS includes hypoplasia of the infundibulum, pulmonary val ve stenosis, hypoplasia of the pulmonary annulus,
and hypoplasia of the pulmonary trunk. The branch pulmonary arteries are usually continuous and not hypoplastic.
The right ventricular hypertrophy is secondary to the
pressure load induced by outflow tract obstruction. The VSD
is always malaligned. In approximately 3% of patients with
TOF-PS, a second VSD exists that is usually muscular.
Additional anatomic abnormalities can include coronary
artery abnormalities, a right aortic arch, and a persistent left
superior vena cava.
The degree of RVOTO, which determines the amount of
obstruction to PBF, determines the pathophysiology of this
defect. With a large VSD, the two ventricles essentially
function as a single ventricle; therefore systemic vascular
resistance may also contribute to the amount of PBF. A
decrease in systemic vascular resistance can decrease PBF,
whereas an increase in systemic vascular resistance can
increase PBF. When RVOTO is minimal, there may actually
be a left-to-right shunt across the VSD, resulting in
pulmonary overcirculation and signs of CHF. These patients
often have systemic arterial oxygen saturations of greater
than 90% and are called "pink tets." When RVOTO is
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18-5 . Cyanotic Congenital Heart Defects With Decreased Pulmonary Blood Flow
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fulmonary atresia with
• ;;- intact ventricular
septum

Cardiac Examination

Electrocardiogram

Chest Radiograph

Loud systolic murmur with
palpable thrill along the
entire left sternal border;
single S2; prominent inferior
sternum and right ventricular
impulse
Heart murmur may be absent;
when detected, usually holosystolic blowing murmur of
tricuspid regurgitation and
continuous. "machinery"
murmur of PDA; single S2
No tricuspid S ,; S2 also often a
single sound: no pulmonary
S2; variable systolic (VSD
and PS) murmurs or diastolic
(mitral flow) murmur; often,
no murmur is audible

Right axis deviation and right
ventricular hypemophy;
occasional right atrial
hypemophy

Normal cardiac size with
concavity in main pulmonary
artery area; decreased pulmonary vascular markings; bootshaped heart silhouette; right
aortic arch common
Cardiomegaly with significant
right atrial enlargement;
decreased pulmonary
vascular markings

Absence of or decrease in right
ventricular forces; left
ventricular dominance

Left axis deviation; left ventricular, left atrial, and right
atrial hypertrophy; no right
ventricular forces

Normal overall heart size with
concavity in main pulmonary
artery area; right atrial, left
atrial, left ventricular, and
aortic enlargement; decreased
pulmonary vascular markings

Patent ductus arteriosus; P5, pulmonary stenosis; 51' first heart sound; 52. second heart sound; V5D, ventricular septal defect.

Fig. 18-12 Tetralogy of Fallot (TOF). A. Ventricular septal
defect; B, aorta overriding ventricular septum; e, pulmonary
stenosis; D, right ventricular hypemophy. Ao, Aorta; lVe, inferior
vena cava; LA, left atrium; LPA, left pulmonary artery; LV, left
ventricle; MV, mitral valve; PA, pulmonary artery; PV, pulmonary
vein; RA, right atrium; RPA, right pulmonary artery; RV, right
ventricle; SVC, superior vena cava; TV, tricuspid valve. (From
Smith JB: Pediatric critical care, Albany, NY, 1985, Delmar.)

moderate, there is protection from pulmonary overcirculation and a small right-to-left shunt across the VSD with mild
cyanosis and oxygen saturations of about 90%. These
patients are commonly asymptomatic. When RVOTO is
severe, there is a significant right-to-Ieft shunt across the
VSD with oxygen saturations of 70% to 80%. In these
patients, decreased oxygen saturations can lead to severe

hypoxemia and acidosis. The effect on the heart of these
changes in hemodynamics includes an increase in the size
and work of the right ventricle, The right atrium is usually
unaffected. An increased volume load on the left ventricle
results; however, it remains normally compliant.
Tetralogy of Fallot With Pulmonary Atresia.
With TOF-PA, no outflow exists from the right ventricle to
the pulmonary artery. The source of PBF is variable and
further aescribes the subcategories of this defect. In
newborns with valvar pulmonary atresia, the PBF is
dependent on a PDA. At the other end of the spectrum,
complete absence of a main pulmonary artery is evident, and
the presence of branch pulmonary arteries is variable. PBF,
in this case, is dependent on multiple aortopulmonary
collateral arteries (MAPCAs) (Fig. 18-13). The number,
size, and origin of the MAPCAs is variable and further
describes the pathophysiology and prognosis of TOF-PA.
Without forward flow from the right ventricle to the
pulmonary artery, a complete right-to-left shunt occurs
across the VSD. The amount of cyanosis and severity of
disease depend on the source of PBF, which is provided
either by the PDA or by MAPCAs. The presence of what
would be true branch pulmonary arteries is variable.
Neonates with TOF-PA and ductal-dependent PBF have a
normal pulmonary trunk and branch pulmonary arteries.
These neonates will be severely cyanotic and in extreme
distress when the ductus begins to close. Newborns with
TOF-PA and MAPCAs usually have an adequate source of
PBF in the early infant period; however, they will be
cyanotic. The amount of PBF and cyanosis depends on the
size, number, and condition of the MAPCAs.
Clinical Presentation and Course
Tetralogy of Fallot With Pulmonary Stenosis. Symptoms vary depending on the degree of RVOTO and shunt.
Patients can be asymptomatic and acyanotic or severely
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Fig. 18-13 Tetralogy of Fallot with pulmonary atresia. In groups I and II, the pulmonary arteries are well
developed, and blood flow is supplied by a large patent ductus arteriosus. The main pulmonary artery is
absent in group 11. In group III, the ductus is either absent or very small. Both left and right pulmonary
arteries are diminutive, connecting to variable numbers of bronchopulmonary segments; the more
important sources of pulmonary blood flow are APCAs. In group IV, there are no mediastinal pulmonary
arteries, and all bronchopulmonary segments are supplied entirely by APeAs. (From Castenada AR, Jonas
RA, Mayer JE et al: Cardiac surgery of the neonate and infant. Philadelphia, 1994. WB Saunders.)

cyanotic and distressed. Persistent hypoxemia in infants
stimulates bone marrow production of red blood cells,
however, microcytic and hypochromic anemia can result
from deficient iron stores. Cyanosis eventually leads to
increased hemoglobin levels and hyperviscosity. RVOTO
and the degree of cyanosis worsens over time and hypercyanotic spells may occur more frequently with age. Patients
are at risk for cerebral abscess, cerebral vascular accidents,
or death resulting from hypercyanotic spells. Late' complications include bacterial endocarditis, hemorrhagic disorders, and complications of prolonged cyanosis. This disease
is progressi ve and there is no chance for spontaneous
recovery, therefore a definitive surgical repair is always
indicated. Early corrective surgery is preferred to normalize
the physiology and avoid these complications. Echocardiography is usually adequate to make the appropriate
preoperative diagnosis for patients with TOF-PS. Even with
multiple VSDs and abnormal coronary artery anatomy,
echocardiography has proven to be sufficient. Cardiac
catheterization may be indicated in patients with previous
palliation, symptoms suggestive of aortopulmonary collaterals, concerns about coronary artery anatomy, or pulmonary vascular disease.
Hypercyanotic Spells. Hypercyanotic or "tet" spells
can occur in infants and children with TOF-PS and are
probably caused by intermittent worsening of RVOTO.
Usually preceded by periods of agitation, these spells
include symptoms of increased distress followed by hyperpnea, worsening cyanosis, and syncope. If severe or
untreated, severe hypoxemia can result in brain injury or
death. Anything that distresses the infant can precipitate a
hypercyanotic spell. Careful attention must be paid to
patients who are admitted preoperati vely to avoid procedures that may stimulate a hypercyanotic spell.

Initial treatment includes oxygen administration, sedation, and volume expansion. If severe, a phenylephrine
infusion may be initiated to increase systemic vascular
resistance and therefore decrease the right-to-left shunt and
improve PBF. Positioning the infant or child in a knee-chest
position has been advocated to increase systemic venous
return and systemic vascular resistance; however, some
children may not be comfortable in this position, and their
distress may actually be worsened. Emergency surgery for
either a Blalock-Taussig shunt or a complete repair may be
indicated. The primary goal of early complete repair,
however, is to avoid these spells as the disease progresses,
thereby avoiding their complications.
Tetralogy of Fallot With Pulmonary Atresia. These
patients are cyanotic at birth because of the obligatory
right-to-Ieft intracardiac shunt. The degree of oxygen
desaturation depends on the source of PBF. Newborns with
ductal-dependent PBF have severe distress, hypoxemia, and
rapid deterioration when the ductus begins to close. Patients
with MAPCAs have variable oxygen saturations depending
on the number and level of obstruction to flow within the
MAPCAs. Unobstructed MAPCAs could possibly result in
pulmonary overcirculation and signs of CHF.
Management
Tetralogy of Fallot With Pulmonary Stenosis. Although
controversy exists regarding the timing and approach to the
surgical management of TOF-PS, the increasing trend is to
avoid palliation and to provide a complete surgical repair in
the neonatal or early infant period. However, some centers
prefer early surgical palliation followed by a complete
surgical repair in late infancy or early childhood. The goals
of early complete repair are to avoid complications of
surgical palliation, correct the cyanosis, avoid a second
surgery, and to normalize the cardiopulmonary physiology.
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Palliative shunts to increase pulmonary blood flow.
A, Blalock-Taussig anastomosis; B, Waterston anastomosis;
C, Potts-Smith-Gibson anastomosis; D, Classic Glenn anastomosis. (From Smith JB: Pediatric critical care, Albany. NY,
1985, Delmar.)

Fig. 18·14

The timing of a primary surgical repair in these patients
depends on the patient's symptoms and the institutional
philosophy. Patient subtypes of TOF-PS can be categorized
into three groups that can assist in the timing decision of
when to perform surgery. Patients with TOF-PS who have
ductal-dependent PBF and have cyanotic spells in the
newborn period when the ductus closes require surgery in
the neonatal period. Patients who are asymptomatic with
arterial oxygen saturations of 75% to 90% can be electively
repaired between I and 3 months of age or when they
become symptomatic. Patients with arterial oxygen saturations greater than 90% (pink tets) can electively undergo
repair between the age of 2 of 4 months. However, any
patient who becomes symptomatic, presenting with cyanosis or any history of hypercyanotic spells, should be
immediately considered for surgical repair or palliation to
avoid complications and possible death.
Palliative Surgical Management. Palliative surgical
intervention involves the placement of a systemic-topulmonary artery shunt to improve PBF. The modified
Blalock-Taussig shunt is generally performed. In this
procedure, a Gore-Tex shunt is anastomosed from the
subclavian artery to the branch pulmonary artery (Fig.
18-14). Although this is a low-risk procedure, potential
complications including branch pulmonary artery stenosis
with partial or complete occlusion, thrombosis of the shunt
resulting in acute worsening of cyanosis and possible death,
or the development of pulmonary vascular obstructive
disease, exist. In addition, with surgical palliation, the
patient's cardiopulmonary physiologic condition remains
abnormal and cyanosis persists, which may have long-term
effects on the developing organs.
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Complete Surgical Repail: Through a median sternotomy, this surgery is performed with the use of cardiopulmonary bypass, aortic cross clamping, and the administration of cardioplegia solution. Any previously placed
aortopulmonary shunts are taken down, and the pulmonary
artery is reconstructed if necessarily. The surgical approach
for repair depends on the location and degree of RYOTO.
Without pulmonary valve annulus hypoplasia, the YSD,
subpulmonary artery stenosis, or pulmonary valve stenosis
can be repaired through a combined transatrial and transpulmonary approach, thereby avoiding a right ventricular
incision. When pulmonary valve annulus hypoplasia exists,
a right ventriculotomy is made. The YSD and RYOTO are
repaired through this incision, and a transannular patch or
infundibular patch is used to correct the RYOTO. Typically
these patches are made with the use of the patient's
preserved pericardial tissue. A patent foramen ovale (PFO)
is often maintained or incised to allow a right-to-left atrial
shunt in the presence of right ventricular dysfunction in the
postoperative period. This shunt allows the maintenance of
systemic cardiac output regardless of right ventricular
dysfunction. Cyanosis, which is usually well tolerated,
results. The PFO closes spontaneously when right ventricular dysfunction resolves.
Tetralogy of Fallot With Pulmonary Atresia. In neonates with TOF-PA and ductal-dependent PBF, a PGE!
infusion is maintained until a palliative shunt or complete
repair can be performed in the early neonatal period.
Diagnosis is made by echocardiography, and cardiac
catheterization is rarely required. Many centers prefer an
early complete repair to avoid the complications of
palliation and provide early normal cardiopulmonary physiology. After the initiation of cardiopulmonary bypass and
aortic cross clamp, a right ventricular incision is made in
all cases. Through this incision, the YSD is closed, right
infundibular obstruction is repaired, and a right ventricular to pulmonary artery valved homografl is placed.
These neonates often have left branch pulmonary artery
stenosis at the site of the ductus arteriosus, requiring
surgical repair. A PFO is often maintained to allow
right-to-left atrial shunting and the maintenance of systemic
cardiac output.
For patients with TOF-PA with MAPCAs, the surgical
approach is based on institutional preference, symptoms,
and the patient's individual anatomy and physiology.
Cardiac catheterization is always required to determine
the location, size, and flow patterns of the MAPCAs. The
goal of surgery is to unifocalize all aortopulmonary
collateral vessels to the true branch pulmonary arteries, to
place a right ventricular to pulmonary artery homograft
conduit, and to close the YSD. This can be accomplished
with a one-stage complete repair with YSD closure, a
complete unifocalization of the MAPCAs leaving the YSD
open, or through a staged unifocalization. In a staged
approach, the right and left collateral arteries are unifocalized through separate thoracotomy procedures. At a later
date, a midline sternotomy is performed to place a right
ventricle to pulmonary artery homograft conduit and to
close the YSD.

606

Part IV

Final Common Pathways

Postoperative Management
Tetralogy of Fallot With Pulmonary Stenosis. The
primary postoperative issues after complete surgical repair
for TOF-PS include the management of right ventricular
dysfunction and arrhythmias. The development of right
bundle branch block is common secondary to the VSD
closure. Sinus tachycardia and junctional ectopic tachycardia (JET) are also common and may be difficult to
differentiate. Careful evaluation of the atrial waveform for
the presence of cannon a waves and an atrial ECG assist in
the diagnosis. Sinus tachycardia is a compensatory response
to improve cardiac output in the face of right ventricular
dysfunction. JET occurs frequently in postoperative neonates and infants, with heart rates as high as 180 to
230 beats/min. It usually presents during the first 24 hours
following cardiopulmonary bypass and is often associated
with hemodynamic instability, warranting treatment. Maintaining normothermia, core cooling to temperatures of
35° C, or the use of antiarrhythmic agents may be indicated.
The right ventricle is hypertrophied and noncompliant.
This, in association with cardiopulmonary bypass and the
surgical procedure, results in postoperative right ventricular
dysfunction. The degree of right ventricular dysfunction
depends on the amount of right ventricular hypertrophy, the
preoperative anatomy and pathophysiologic condition, the
amount of right ventricular infundibular muscle removal,
the requirement of a right ventriculotomy or transannular
patch, and the length of the cardiopulmonary bypass and
aortic cross clamp times. In general, pink tets require very
little RVOT muscle resection and do not require a right
ventricular incision or transannular patch. Their postoperative course is usually uneventful, resulting in endotracheal
extubation by postoperative day I or 2. Patients with more
complex anatomy and preoperative cyanosis require more
extensive surgery often prolonging their postoperative
recovery. The presence of a transannular patch results in
some degree of pulmonary insufficiency, which can contribute to the right ventricular dysfunction and prolong the
postoperative recovery. The presence of residual lesions,
including any residual VSD or RVOTO, also contributes to
the degree of right ventricular dysfunction. A transesophageal echocardiogram (TEE) is performed at the end of the
surgical procedure to evaluate for the presence of residual
lesions. If present, a return to cardiopulmonary bypass with
further surgery may be required.
Manifestations of right ventricular dysfunction include tachycardia and elevated right atrial pressures. The
high right atrial pressure is usually necessary to maintain
adequate preload for the right ventricle. If the foramen ovale
is patent, right-to-Ieft shunting may occur when right atrial
pressure exceeds left atrial pressure. This will maintain left
ventricular output, yet result in cyanosis. If a PFO is not
present, right ventricular dysfunction and failure can result
in inadequate systemic cardiac output and inadequate tissue
oxygen delivery. The management of right ventricular
dysfunction includes inotropic support, right atrial pressure
monitoring, evaluation of systemic cardiac output, observing for signs of atrial shunting, and the treatment of
situations that increase oxygen demands, such as fever,

agitation, and pain. Endotracheal intubation is usually
required until right ventricular dysfunction improves, as
indicated by diuresis and decreased requirement for inotropic support.
Tetralogy of Fallot With Pulmonary Atresia. Neonates
who undergo a complete repair for TOF-PA have a similar
postoperative course as do neonates following repair for
TOF-PS. The complications requiring treatment include
cardiac arrhythmias and right ventricular dysfunction. The
degree of right ventricular dysfunction, however, may be
less than that seen in patients with TOF-PS. This is
secondary to the absence of both extensive RVOT muscle
resection and a transannular patch. The presence of a right
ventricular to pulmonary artery homograft may result in
some degree of pulmonary insufficiency possibly contributing to right ventricular dysfunction.
The postoperative course for patients after surgical
procedures for TOF-PA with MAPCAs depends on the
specific procedure performed and the postoperative physiology. Potential complications following unifocalization
procedures include lung injury, right ventricular hypertension and dysfunction, problems with oxygenation and
ventilation, organ system dysfunction, and bleeding. Lung
injury can result from reperfusion injury, pulmonary contusions, or pulmonary hemorrhage and is manifested by
hypoxemia, pulmonary edema, and pleural effusions. The
need for endotracheal intubation and mechanical ventilation
is often prolonged until recovery occurs. Right ventricular
hypertension occurs secondary to the resistance created by
the small and abnormal pulmonary arteries and the resistance created by extensive suture lines. Right ventricular
dysfunction results from these factors in addition to the
reasons outlined for patients with TOF-PS. Oxygenation and
ventilation can be impaired because of abnormal lung and
pulmonary artery development, atelectasis, and the presence
of reactive airway disease, requiring bronchodilator therapy
and prolonged periods of mechanical ventilation. Bleeding
is secondary to the extensive suture lines required for the
unifocalization, the length of cardiopulmonary bypass, and
the presence of a coagulopathy. These patients are highly
complex to care for, especially when their physiology
remains abnormal in the postoperative period.
Pulmonary Atresia With Intact Ventricular
Septum. Pulmonary atresia with intact ventricular septum (PA-IVS) (Fig. 18- IS) is a rare congenital heart defect.
In this defect, atresia of the pulmonary valve results in
complete obstruction to blood flow from the right ventricle
to the pulmonary artery. In addition, the ventricular septum
is intact, and the right ventricle is hypertrophied. The right
ventricular size is variable, ranging from extremely hypoplastic to larger than normal. The tricuspid valve size and
structure are also variable, although it is often hypoplastic
and stenotic. The main pulmonary artery is generally of
normal size, and a large ASD is always present.
A significant finding in patients with PA-IVS is the
presence of abnormal coronary circulation. Approximately
10% of these patients have coronary artery stenosis or
atresia of the major coronary arteries. When this occurs, the
coronary arteries distal to the stenosis or atresia are perfused
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Fig. 18-15 Pulmonary atresia with intact ventricular septum.
A, Type I; B, type 2. Ao, Aorta; L4., left atrium; LV, left ventricle;
pI; pulmonary trunk; RA, right atrium; RV, right ventricle. (From
Perloff JK: The clillical recognitioll of congenital heart disease,
ed 4, Philadelphia, 1994, WB Saunders. p 599.)

via fistulas between the right ventricle and the coronary
artery bed. Coronary artery abnormalities are usually
associated with severe right ventricular and tricuspid valve
hypoplasia and occur when right ventricular pressure is
greater than systemic pressure.
With PA-IVS, no forward flow of blood occurs across the
pulmonary valve, and the right ventricle is hypertrophied
and noncompliant. Right ventricular pressure is often
supersystemic, and usually some degree of tricuspid valve
regurgitation exists. Pressure in the right atrium is greater
than that in the left, resulting in a right-to-left shunt across
the ASD and cyanosis.
When coronary artery stenosis or atresia exist, the distal
coronary artery beds are supplied with right ventricular
blood from fistulous communications. These intramyocardial sinusoids result in retrograde coronary blood flow from
the desaturated blood in the right ventricle to the coronary
arteries. As long as right ventricular hypertension persists,
this may not have an immediate impact in the neonate.
However, if the right ventricle is decompressed, distal
coronary artery perfusion will decrease, resulting in myocardial ischemia. Long-term perfusion of coronary arteries
from venous blood can result in both right and left
ventricular ischemia and subsequent fibrosis.
Clinical Presentation and Course. Neonates born
with PA-IVS are cyanotic secondary to the obligatory
right-to-left shunt across the atrial septum. Their PBF is
dependent on PDA; therefore when ductal closure occurs,
these infants will become severely distressed, hypoxemic,
and acidotic. Death can occur rapidly if emergency treated
is not initiated. The long-term course of these patients
depends on the indi vidual anatomy, ranging from singleventricle palliation to complete two-ventricle repair. In the
presence of coronary artery fistula with evolving myocardial
ischemia, cardiac transplant may be indicated.
Management. Management of the newborn with
PA-IVS includes the correction of hypoxemia and acidosis
and the administration of PGE I to maintain patency of the
ductus and ensure PBF. Endotracheal intubation and me-
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chanical ventilation are often required. Arterial oxygen
saturations should be maintained between 75% and 85%.
Administration of sodium bicarbonate and infusions of
inotropic agents may be necessary to treat hypoxemia and
acidosis. Echocardiography is performed to establish the
diagnosis of pulmonary atresia, right ventricular size, and
tricuspid valve morphology. In most instances, cardiac
catheterization is also necessary to determine the abnormalities in coronary artery anatomy and the presence of right
ventricular fistula. Cardiac catheterization can also provide
information regarding right ventricular pressure and tricuspid valve regurgitation.
A surgical procedure is necessary in the early neonatal
period to provide a reliable source of PBF. Given the
spectrum of this defect, the exact surgical procedure
depends on the individual anatomy and ranges from a
two-ventricular repair to a single-ventricle palliation. The
goal of neonatal surgery is to provide adequate oxygenation
with a balance of systemic and pulmonary circulations and
to provide forward flow across the pulmonary valve into the
pulmonary artery whenever possible. This approach allows
growth of the right ventricle, with the goal of achieving a
two-ventricle repair in the future. When the right ventricle is
extremely hypoplastic, however, a systemic-to-pulmonary
artery shunt is placed, the ductus is ligated, and the patient's
management is like that of other single-ventricle defects.
The presence of coronary artery fistula also determines
the surgical management. When present, the elevated right
ventricular pressure provides the coronary artery perfusion
to the distal bed. If forward flow is surgically provided
across the pulmonary valve, right ventricular pressure will
decrease, coronary artery perfusion will diminish, and
myocardial ischemia will result. In these patients, a
systemic-to-pulmonary artery shunt is placed, and the
patient's condition is managed like other single-ventricle
defects. A cardiac transplant may be indicated in the future.
In a small number of patients with PA-IVS, the right
ventricle is of normal size with mild tricuspid valve disease
and the absence of coronary artery fistula. In these cases,
reconstruction of the right ventricular outflow tract without
the placement of a systemic-to-pulmonary shunt can be
performed. However, in most cases a combination of
systemic-to-pulmonary artery shunt with right ventricular
outflow tract reconstruction is provided. Even when the
pulmonary valve and outflow tract are repaired, the small
size of the right ventricle, along with its limited compliance,
results in a decreased cardiac output ejected to the pulmonary artery. The systemic-to-pulmonary artery shunt is
necessary to provide adequate PBF. Additional future
surgery will most likely be necessary in these patients.
The overall goals for postoperative management depend
on the individual anatomy and the type of surgical procedure
performed. When severe right ventricular hypoplasia exists
and an isolated systemic-to-pulmonary artery shunt is
placed in the neonate, management is similar to that of other
neonates with single-ventricle palliation, with the goal of
balancing the systemic and pulmonary circulations (see
section on hypoplastic left heart syndrome). In addition, if
right ventricular sinusoids and abnormal coronary artery
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circulation exist, the patient should be carefully monitored
for signs of myocardial ischemia, including ECG changes,
ventricular arrhythmias, and signs of low cardiac output.
When a combination of right ventricular outnow tract
reconstruction and placement of a systemic-to-pulmonary
artery shunt is performed, the patient must be monitored for
signs of balanced circulations and right ventricular function.
Signs of pulmonary overcirculation, including wide systemic arterial pulse pressure, oliguria, poor peripheral
perfusion, metabolic acidosis, and elevated arterial oxygen
saturations, may indicate excessive PBF. In this case the
right ventricle may be adequate to provide an entire cardiac
output to the pulmonary bed, and the systemic-to-pulmonary
artery shunt may be too large or is not needed.
In older patients who receive a two-ventricle repair with
closure of the ASD and takedown of the systemic-topulmonary artery shunt, signs of right ventricular failure
should be monitored. Elevated right atrial pressure, signs of
low cardiac output, and the development of ascites or
pleural effusions may indicate right ventricular failure. This
situation may indicate the need for a communication
between the right and left atria to allow right-to-left shunting
and the maintenance of adequate systemic cardiac output.
Tricuspid Atresia. Tricuspid atresia consists of an
absent tricuspid valve and no opening from the right atria to
either ventricle. In most cases, tricuspid valve tissue is not
evident, but rather the noor of the atria is muscular. There
are varying degrees of right ventricular hypoplasia. A
communication between the left ventricle and the hypoplastic right ventricle exists via a VSD (bulboventricular
foramen) and can often be a site of obstruction to blood now.
The great vessels may be normally related or transposed.
Type I tricuspid atresia refers to absence of the tricuspid
valve with normally related great vessels, whereas type II

refers to absence of the tricuspid valve with transposition of
the great vessels. Further classification depends on the
degree of obstruction to PBF, which can be (I) pulmonary
valve atresia, (2) pulmonary valve stenosis, or (3) unrestricted PBF. An atrial communication is always present,
although it is often restrictive. A PDA is usually present at
birth, but closes spontaneously within a few days. Most
commonly, tricuspid atresia exists with hypoplasia of the
right ventricle, normally related great vessels, and some
obstruction to PBF (type Ib) (Fig. 18-16).
Regardless of the various defects associated with tricuspid atresia, blood now through the heart is essentially the
same. With no outlet from the right atria to the right
ventricle, the entire systemic venous return shunts across the
atrial septum from the right to the left atrium via a PFO or
an ASD. Here systemic venous blood mixes with pulmonary
venous blood and passes into the left ventricle. From the left
ventricle, some blood is ejected to the aorta, and some is
shunted across the VSD (bulboventricular foramen) out the
right ventricular infundibulum to the pulmonary artery. The
amount of PBF is determined by how restricti ve the VSD is
or the obstruction to now at the pulmonary valve. This
lesion is usually not ductal dependent unless coexisting
pulmonary atresia is present.
Clinical Presentation and Course. Infants with
tricuspid atresia present in the neonatal period with cyanosis
from the right-to-Ieft atrial shunt and a murmur. If PBF is
inadequate once the ductus arteriosus closes, neonates may
become distressed, hypoxemic, and acidotic. Rarely is
unrestricted PBF present, in which case signs of CHF would
be evident.
Management. If PBF is ductal dependent, a continuous infusion of PGE I is necessary to maintain ductal
patency. Although PBF may be decreased, it is usually not

TRICUSPID ATRESIA WITHOUT TRANSPOSITION

RV

RV --=O-.fffl-

PULMONARY ATRESIA
NO VSO

PULMONIC STENOSIS
SMALL VSD

NO PULMONIC STENOSIS
LARGE VSD

Fig. 18-16 Illustrations of tricuspid atresia with normally related great arteries. In all, the only outlet
for right atrial (RAJ blood is interatrial communication. Variations in ventricular septum and pulmonary valve are depicted. Ao. Aorta; LA, left atrium; LV, left ventricle; PT. pulmonary trunk; RV, right
ventricle. (From Perloff JK: The clinical recognition of congenital heart disease, ed 4, Philadelphia, 1994,
WB Saunders, p 616.)
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ductal dependent; therefore most neonates can tolerate
spontaneous ductal closure. A balloon atrial septostomy may
be necessary if the atrial septum is restrictive.
A palliative surgical procedure is usually required in the
neonatal period. Typically, a systemic-to-pulmonary artery
shunt is placed to improve PBF. If the atrial septum is
restrictive, an atrial septectomy can be performed at this
time to provide adequate mixing of blood at the atrial level.
In rare situations when PBF is excessive, a pulmonary artery
band is placed to limit pulmonary overcirculation and
optimize systemic blood flow. In either case, the presence of
right ventricular hypoplasia does not allow a two-ventricle
repair; therefore these patients require additional palliative
procedures for single-ventricle physiology, typically including the bidirectional Glenn anastomosis at 4 to 6 months,
followed by the Fontan procedure later in childhood. For a
complete description of these procedures, see the section on
hypoplastic left heart syndrome.
Some newborns with tricuspid atresia have relatively
balanced systemic and pulmonary blood flow and may not
require a surgical procedure in the newborn period. These
infants recei ve a primary bidirectional Glenn anastomosis in
infancy (4 to 6 months of age), followed by a Fontan
procedure later in childhood.
The postoperative management is~ues depend on the
preoperative pathophysiologic condition, specifically, the
presence of too much to too little PBF, and the surgical
procedure performed. Typically, a systemic-to-pulmonary
shunt is placed to provide a reliable source of PBF, and the
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goal of postoperative care includes the balancing of
systemic and pulmonary circulations (see section on hypoplastic left heart syndrome). Usually a regimen of oral
aspirin (5 to 10 mg/kg/day) is started in these patients to
maintain shunt patency.

Cyanotic Congenital Heart Defects
With Increased PBF
Cyanotic CHDs with increased PBF include total anomalous
pulmonary venous connection (TAPVC), truncus arteriosus,
and hypoplastic left heart syndrome (HLHS). These conditions can occur in isolation or in combination with other
structural defects. Table J8-6 summarizes the findings on
cardiac examination, ECG, and chest radiograph of children
with these defects.

Total Anomalous Pulmonary Venous Connection.
TAPVC results in anomalous pulmonary venous drainage
into a systemic venous structure rather than the left atrium.
Of note is that partial anomalous pulmonary venous return
can occur as well. In this defect some of the pulmonary
veins drain to the left atrium, and some drain abnormally to
systemic veins in the thorax or directly to the right atrium.
This can occur in isolation or in association with other
cardiac structural defects. In isolation, partial anomalous
pulmonary venous connection is uncommon, and patients
are often asymptomatic; therefore it is not discussed here.
The pulmonary venous system develops at about the third
week of gestation. The splanchnic plexus, which is con-

Cyanotic Congenital Heart DefedsWithlncreased Pulmonary Blood Flow
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Cardiac Examination

Electrocardiogram

Chest Radiograph

Cardiac murmurs minimal
or absent

Right ventricular hypertrophy
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SyslOlic ejection murmur best
heard high in left chest;
middiastolic murmur best
heard low in left chest;
widely split S2
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hypertrophy, right ventricular
hypertrophy

Normal S" single S2' ejection
click; loud. continuous ePDA
type) mUOllUr with unrestricted
PBF; murmur shortened and
softened by decreasing PBF

Left ventricular hypertrophy;
bi ventricular hypertrophy
seen occasionally

Dominant RY impulse, decreased
impulse at apex; single S2 with
increased intensity; diminished
peripheral pulse; gallop rhythm
in some, soft systolic murmur
at LSB, middiastolic rumble
at apex

Right ventricular hypertrophy;
in some, right atrial
enlargement

Supracardiac: "figure eight" or
"snowman" configuration; all
defects: enlarged right atrium,
right ventricle, and main
pulmonary artery; increased
pulmonary vascular markings
Nonspecific except for alteration
in pulmonary vascular markings; may detect right-sided
aortic arch, and pulmonary
vessels may arise abnormally
high in the chest
Cardiomegaly, increased
pulmonary vascular
markings
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Hypoplastic left heart syndrome; iSB, left sternal border; PBF, pulmonary blood flow: PDA. palent ductus arteriosus: 5/. first heart sound;
second heart sound; TAPVC, total anomalous pulmonary venous connection.
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nected to the umbilical vitelline veins and the cardinal veins,
is in direct communication with the lung buds. The common
pulmonary vein, which arises in the common atrium, grows
to join the splanchnic plexus. Once the common pulmonary
vein and the splanchnic plexus are joined, the cardinal veins
and vitelline veins are no longer connected to the splanchnic
plexus. The pulmonary veins then drain into the left atrium
via the common pulmonary vein. Gradually, the common
pulmonary vein is absorbed into the body of the left atrium,

and four distinct pulmonary veins draining into the left
atrium persist. Failure in any ofthese embryologic processes
can lead to the malformation of the four pulmonary veins,
resulting in partial or total anomalous pulmonary venous
connection.
TAPVC may occur in four forms: (I) supracardiac,
whereby the pulmonary veins course via a vertical vein to
the innominate vein that drains into the superior vena cava
(Fig. 18-17, A); (2) cardiac, whereby the pulmonary veins

A
Supracardiac
TAPVC

B

Cardiac TAPVC

Fig. 18-17 Total anomalous pulmonary venous connection (TAPVC). A, Supracardiac connection to left
innominate vein. B, Cardiac connection to four separate veins. B', Cardiac connection by single common
orifice. C, Cardiac connection to coronary sinus. D, Infradiaphragmatic TAPVC via the portal venous
system. lAC, Interatrial communications; IVC, inferior vena cava. (Reproduced with permission. Garson
A, Bricker JT, Fisher DJ et al: The science and practice ofpediatric cardiology, Baltimore, 1998, Williams
& Wilkins.)
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drain into the coronary sinus or directly into the right atrium
(Fig. 18-17, B and C); (3) infracardiac, whereby the
pulmonary veins drain into a descending vein and join the
portal venous system (Fig 18-17, D); and (4) mixed, which
includes variants of the previous three forms. Supracardiac
TAPVC accounts for most of the cases. Essentially the
anatomic malformation is such that pulmonary venous
return is to the right atrium. Because of this defect, an
ASD is necessary for oxygenated blood to reach the left
atrium.
TAPVC may occur with or without obstruction in the
pulmonary venous pathway. TAPVC with obstruction occurs predominantly in the infradiaphragmatic type. Obstruction with infradiaphragmatic TAPVC can occur at a number
of sights along the anomalous venous pathway. Discrete
obstruction can occur from constriction of the vein as it
passes through the diaphragm. Diffuse obstruction occurs
when the anomalous attachment enters the portal system. A
restricti ve atrial communication will obstruct flow from the
right to left atrium, therefore obstructing pulmonary venous
return to the systemic circulation.
TAPVC With Obstruction. Blood from both the
pulmonary and the systemic venous systems returns to the
right atrium. However, because of the presence of an
obstruction in the pulmonary venous connection, pulmonary
venous flow to the right atrium is restricted. This results in
elevated pulmonary venous pressure with the subsequent
development of progressive pulmonary hypertension and
pulmonary edema. As PVR increases, so does right heart
pressure. Decreased right ventricular compliance and right
atrial hypertension result in a right-to-left shunt at the atrial
level producing systemic hypoxemia. This right-to-Ieft
shunt decompresses the right heart, so cardiomegaly does
not typically develop. Progressive hypoxemia contributes to
metabolic acidosis and end-organ failure. Without surgical
correction, death will ensue. Because of common clinical
features, TAPVC with obstruction is often mistaken for
persistent pulmonary hypertension of the newborn (PPHN).
Specific diagnosis with echocardiogram is critical because
therapeutic interventions for each are quite different.
TAPVC With Restrictive Intraatrial Connection.
An atrial connection (ASD or PFO) is critical to the
immediate survival of these infants. The size of the atrial
shunt determines the degree of mixing and subsequent
systemic oxygen saturations. A restrictive atrial communication results in right atrial volume overload, pressure
elevation, and enlargement. As PVR falls, pulmonary
overcirculation ensues that results in CHF and cardiac
dysfunction. Generally, this occurs over the first few weeks
of life, although clinical presentation can be variable.
Elevated right atrial pressure results in systemic venous
congestion.
TAPVC Without Obstruction. In the unobstructed
forms, free communication occurs between the two atria.
The relative pulmonary and systemic vascular resistances
and cardiac compliance determine atrial shunt. As PVR
falls, PBF increases, with subsequent volume load to the
right heart. If not surgically addressed in a timely manner,
pulmonary hypertension can develop secondary to pulmonary overcirculation.
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Clinical Manifestations and Course. Neonates
without obstruction may have mild to moderate cyanosis
dependent on the degree of atrial mixing and pulmonary
resistance. As PVR falls and PBF increases, the signs and
symptoms of CHF can develop. The physical examination
is often similar to that of a large ASD, although hepatomegaly or cyanosis may also be noted (atypical for isolated ASD).
Neonates with obstruction have quite different symptoms. These infants are typically critically ill, poorly
perfused, acidotic, and cyanotic. Institution of supportive therapies is necessary shortly after birth with intubation, mechanical ventilation, and inotropes. Some require
extracorporeal membrane oxygenation (ECMO) or highfrequency ventilation before surgery. Every effort should be
made to make the diagnosis before cannulation for ECMO
because emergent corrective surgery is the preferred
treatment.
Management. As mentioned earlier, neonates with
obstruction require early and aggressive intervention with
mechanical ventilation, inotropes, volume, correction of
acid-base disorders, maneuvers to decrease pulmonary
resistance (nitric oxide), and possibly ECMO. In some,
balloon atrial septostomy may stabilize the neonate's
condition. 36 If stabilization does not occur, a true surgical
emergency exists.
Management of TAPVC without obstruction is directed
toward controlling CHF with anticongestive therapy and
treating failure to thrive. If the patient is relatively asymptomatic, surgery can be performed at any age; however,
many centers believe that the optimal time is at presentation
or during the first year of life. Untreated infants who survive
to older childhood or early adulthood may develop fixed
pulmonary artery hypertension; therefore surgery should not
be delayed.
Definitive Surgical Correction. Surgical correction is
performed via a midline sternotomy incision using cardiopulmonary bypass and hypothermia. Some centers also
employ circulatory arrest during a portion of the perioperative period. Surgical repair involves anastomosing the
pulmonary venous confluence to the left atrium, resulting in
proper drainage. The connecting vein to the systemic venous
circulation is ligated, and the ASD is closed. Potential
postoperative problems include low cardiac output, respiratory insufficiency, pulmonary hypertension, and arrhythmias. TAPVC with obstruction has a high postoperative
mortality rate from pulmonary hypertension and respiratory
failure.
Monitoring PA and LA pressures in the postoperative
period can aid in the identification of residual or progressive
pulmonary venous obstruction that constitutes a surgical
emergency. Volume resuscitation is judicious because of
decreased left heart compliance. Maneuvers to decrease
PVR are employed in those patients with preoperative and
postoperative pulmonary hypertension.
Truncus Arteriosus. Truncus arteriosus is the result
of failure of the primitive arterial trunk (the truncus
arteriosus) to septate and divide into a distinct aorta and
pulmonary artery. The aorta and the pulmonary artery
normally develop from the common truncus arteriosus at the
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TYPE I

TY PE 2

TYPE 3

Fig. 18-18 Illustrations of various types of truncus arteriosus. In type I a shorl main pulmonary artery
arises from the truncus. In types 2 and 3 the branch pulmonary arteries arise directly from walls of the
truncus. LPA, Left pulmonary artery; RPA, right pulmonary artery. (From Perloff JK: The clinical
recognition of confienital hear! disease. ed 4, Philadelphia, 1994, WB Saunders. p 688.)

end of the third week and during the fourth week of
gestation. This occurs by virtue of the unique development
of conotruncal ridges that spiral and separate to form the
great arteries. Failure of septation of the common trunk
results in the persistence of a single vessel that gives rise to
the systemic and pulmonary arteries and contains only one
valve (truncal valve), which is often dysmorphic. The
truncus arteriosus overlies a VSD that is always seen in
conjunction with this defect and is an integral part of its
pathophysiology.
Truncus arteriosus exists in three anatomically distinct
variations. These occur with respect to the size and site of
origin of the pulmonary arteries. In type I, a short
pulmonary trunk arises from the truncus and divides into the
branch pulmonary arteries. In type 2, both branch pulmonary arteries arise in close proximity directly from the
truncus without a main pulmonary artery. In type 3, the
separate origins of the branch pulmonary arteries arise some
distance apart from the lateral sides of the aorta (Fig. 18-18).
Type 4 is characterized by no main or branch pulmonary
arteries with multiple small collateral arteries arising from
the descending aorta. This defect is really a misnomer and is
more appropriately described as a variant of pulmonary
atresia. Truncus arteriosus is a conotruncal anomaly and is
associated with the genetic syndrome commonly referred to
as 22q deletion 37
Because of the large VSD, right and left ventricular
pressures are equal. Mixing of oxygenated and deoxygenated blood occurs at the level of the ventricles. The single
great artery (truncus) arising from the right and left
ventricles recei ves the entire cardiac output of both ventricles. Flow to the pulmonary and systemic vascular beds is
secondary to the relative resistances. As PVR falls, PBF
increases, with subsequent pulmonary overcirculation and
the development of CHF. Because both great arteries arise
from the truncus, they will both have the same systolic
pressure, which is markedly elevated (relative to normal) for
the pulmonary artery, resulting in pulmonary hypertension.
The competence of the truncal valve can be quite
variable, ranging from normal to severe regurgitation to
stenotic. Truncal regurgitation results in ventricular volume
load, cardiac dysfunction, and worsening heart failure.
Truncal stenosis imposes a pressure load on both ventricles.

Clinical Presentation and Course. As PVR falls
and PBF increases, the neonate develops signs and symptoms of CHF. Cyanosis may become less pronounced over
the first few days to weeks of life because of a decrease in
right-to-Ieft shunt and an increase in PBF. A systolic murmur
is usually heard in the first few days of life, and the second
heart sound is single.
Management. Truncus arteriosus is usually diagnosed in the neonatal period. If left untreated, this lesion
carries a mortality rate of 87% by 6 months of age and 91 %
by I year of age 37 Initial management consists of anticongestive therapy, and early surgical intervention is now
generally recommended in the neonatal period. The only
absolute contraindication for surgery is Eisenmenger's
syndrome.
Definitive Surgical Correction. Surgery is performed
via a median sternotomy. Deep hypothermia with low-flow
technique or circulatory arrest is employed. The pulmonary
arteries are excised from the aortic root and anastomosed to
a valved conduit (homograft). The homograft is interposed
between the right ventricle and pulmonary arteries, resulting
in right ventricular to pulmonary artery continuity. The VSD
is patched in a manner that isolates the truncus arteriosus
and truncal valve to the left of the septum, where it functions
as the aorta. Surgery is repeated if the conduit becomes
stenotic or insufficient or as it becomes inadequate in size as
the child grows, requiring replacement with a larger one.
Caring for these infants can be challenging because of the
potential for the development of postoperative pulmonary
hypertension, right ventricular dysfunction, and arrhythmias
(particularly JET). The use of usual ventilatory and nursing
maneuvers to treat pulmonary hypertension helps to decrease PVR and pulmonary hypertensive crises. If pulmonary hypertension is unresponsive to these measures, nitric
oxide or mechanical assist (ECMO, VAD) should be
considered. Information obtained from a transthoracic PA
line helps to evaluate for pulmonary hypertension, residual
VSD, or RVOTO. Arrhythmias require immediate treatment
because they are poorly tolerated, particularly JET.
Hypoplastic left Heart Syndrome. HLHS includes
a spectrum of disease involving varying degrees of underdevelopment of the mitral valve, left ventricle, aortic valve,
and aorta (Fig. 18-19). Typical variations include aortic and
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Fig. 18-19 Hypoplastic left heart syndrome (HLHS). Asc ao,
Ascending aorta; Desc ao, descending aorta; LA, left atrium;
LV, left ventricle; PDA, patent ductus arteriosus; PT, pulmonary
trunk; RA, right atrium; RV, right ventricle. (From Perloff JK; The
clinical recognition ofcongenital heart disease, ed 4, Philadelphia,
1994, WB Saunders, p 727.)

mitral atresia, aortic and mitral stenosis, aortic atresia
and mitral stenosis, or aortic stenosis and mitral atresia.
Hypoplasia of the left ventricle is always present, making
it incapable of supporting systemic circulation. The aorta
is always hypoplastic but provides adequate coronary
blood flow in both the preoperative and postoperative
period. The left atria may be small. and an ASD or a
PFO exists. Occasionally the atrial communication can
be restrictive. HLHS is rarely associated with other cardiac anomalies. Associated extracardiac and chromosomal
anomalies may be present, including central nervous system
abnormalities. 3 !
Survival in the newborn period is dependent on a PDA to
maintain systemic circulation. When ductal closure occurs,
and without aggressive medical management, circulatory
shock develops rapidly, and death will result. With HLHS,
systemic venous blood returns to the right atrium normally.
and pulmonary venous blood returns to the left atrium
normally. With no outflow from the left atrium to the left
ventricle, there is a complete left-to-right shunt across an
ASD or a PFO. Mixing of blood occurs in the right atrium.
flows across the tricuspid valve into the right ventricle, and
out the pUlmonary artery. Some blood will flow to the lungs.
and some will shunt right-to-Ieft across the PDA to the aorta.
In the aorta, blood flow will be antegrade to the descending
aorta and retrograde around the aortic arch, head vessels,
ascending aorta, and coronary arteries. The amount of
systemic and pUlmonary blood flow will depend on the
relative resistance of the two vascular beds.
Clinical Presentation and Course. Typically newborns with HLHS present with cyanosis, respiratory distress. and variable degrees of circulatory collapse during the
first 24 to 48 hours of life. When cyanotic congenital heart
disease is suspected. an infusion of PGE 1 should be
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administrated immediately to maintain ductal patency and
sustain systemic circulation. Diagnosis of HLHS is made by
echocardiography. Cardiac catheterization is not necessary
to make the diagnosis. Because of short postpartum hospital
stays, a newborn with HLHS will occasionally be discharged home before diagnosis. Failure to make the
diagnosis can occur when the ductus arteriosus has remained patent and the systemic and pulmonary circulations
are adequately balanced. When the ductus arteriosus eventually closes, the patient will rapidly deteriorate, presenting
"late" with profound shock and signs of mUltiple organ
system failure. If resuscitation is successful, recovery of
end-organ ischemia may be necessary before surgical
palliation. The presence of a restrictive foramen ovale or
ASD will severely limit the left-to-right atrial shunt and
result in inadequate PBF. In this case, the neonate would
present early with severe cyanosis and metabolic acidosis.
In the current era, HLHS is often diagnosed on prenatal
ultrasound or fetal echocardiography. The advantage to
prenatal diagnosis is that the delivery and newborn resuscitation can be arranged before the birth. In fact, prenatal
diagnosis of HLHS is associated with improved preoperative hemodynamics and improved survival following neonatal palliation, compared with neonates diagnosed
after birth. 38
Preoperative Management. A PGE 1 infusion is
initiated immediately on suspicion of HLHS to maintain
ductal patency and ensure adequate systemic circulation. If
end-organ ischemia is present, support and adequate recovery of organ function are critical to provide optimal
conditions for the stage I palliative surgical procedure.
Often these patients require endotracheal intubation, mechanical ventilation, and inotropic support to optimize
hemodynamics. Metabolic acidosis should be aggressively
treated and may require the administration of sodium
bicarbonate or tromethamine.
The overall goal of medical management of any preoperative neonate with single-ventricle physiology is to
provide a balance of the systemic and pulmonary circulations. Newborns with single-ventricle physiology are often
dependent on a large systemic-to-pulmonary communication (the ductus arteriosus) for the delivery of blood to their
lungs or to their systemic circulation. When the ductus
arteriosus is widely patent (PGE J administration), the distal
PVR is often the major determinant of the balance of flow
between the lungs and body. Preoperatively, two major
clinical problems can be seen: pulmonary overcirculation or
pulmonary undercirculation. Pulmonary overcirculation occurs when PBF is so generous that it is at the expense of
systemic output. It is manifested as high systemic saturations (90%), poor peripheral perfusion, and low diastolic blood pressure. Because it is the result of a very
low distal PVR, management strategies are directed at
increasing PVR, which can be achieved by supporting
the infant by ventilation with a hypoxic gas mixture
(17% to 20% oxygen) or by inducing respiratory acidosis
(pH 7.25 to 7.35).
A hypoxic gas mixture is achieved by adding nitrogen to
the gas mix. The resultant decrease in alveolar P0 2 will
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augment pulmonary vasoconstriction and decrease PBF.
Supplemental nitrogen therapy has been shown to be
efficacious in maintaining systemic saturations of about
75% in infants with single-ventricle physiology without
long-term sequelae. J9
Respiratory acidosis may be achieved by decreasing the
minute ventilation or adding CO 2 to the ventilator gas
mixture. Available data suggest that the beneficial effects of
inhaled CO 2 are mediated through resulting respiratory
acidosis. Pulmonary vasoconstriction should result in an
improvement in systemic perfusion, an increase in diastolic
blood pressure, and a decrease in systemic oxygen saturation. 4o Clearly a potential advantage of using inhaled CO2 is
that the respiratory acidosis can be induced without the use
of severe hypoventilation, which may induce atelectasis.
Clearly these therapies have potential morbidity, and
extreme hypoxia and acidosis should be avoided. Pulmonary
undercirculation occurs when the PVR is too high, resulting
in severe hypoxemia despite a PDA. This is often the result
of failure of the PVR to normally decrease at birth, and
management strategies are directed at decreasing PVR. This
can be achieved by providing the infant ventilation with
100% oxygen and inducing an alkalosis (pH 7.50 to 7.55) by
a combination of hyperventilation and sodium bicarbonate
administration. Inhaled nitric oxide may also be beneficial in
this setting.
Typically, pulmonary overcirculation occurs in preoperative patients with HLHS because lowering of PVR in
the newborn period. Oxygen administration is generally
avoided to prevent pulmonary vasodilation and overcirculation. A systemic arterial oxygen saturation of 75% to 80%
usually indicates appropriate PBF.
Surgical Management. Current options for treatment include palliative reconstructive surgery, cardiac
transplantation, and withholding of treatment. With the
more recent improvements in reconstructive surgery and
associated outcomes in some centers, withholding of
treatment has becomes much less common. Cardiac transplantation has had success; however, the lack of available
neonatal donors has made this option less appealing.
Reconstructive surgery along the Fontan pathway has been
the most common approach to the overall management of
neonates with HLHS.
Stage 1 Palliative Reconstruction. The goal of neonatal
reconstructi ve surgery for HLHS is to provide a dependable
source of systemic and pulmonary blood flow. In addition,
efforts are made to provide the best conditions for future
bidirectional cavopulmonary shunt and Fontan operation.
Preventing problems such as ventricular hypertrophy, arrhythmias, pulmonary artery hypertension, tricuspid valve
regurgitation, and pulmonary artery distortion will provide
optimal conditions for later reconstructive procedures.
Success with the staged surgical approach to HLHS was
first described in 1983 41 The first-stage palliation, often
referred to as the Norwood procedure, accomplished two
primary objectives: the establishment of permanent unobstructed flow from the right ventricle to the aorta and
regulation of PBF. Through a median sternotomy and the
use of cardiopulmonary bypass, the ductus arteriosus is

ligated, and the main pulmonary artery is ligated from the
branch pulmonary arteries. An incision is made in the
descending aorta retrograde to the aortic valve, avoiding
injury to the coronary arteries. The pulmonary artery root is
then anastomosed to the aorta, and a homograft patch is used
to augment the wall of the neoaorta (Fig. 18-20). An
aortopulmonary shunt, most commonly a modified BlalockTaussig shunt, is placed to provide the single source of PBF.
An atrial septectomy is performed to allow adequate mixing
of systemic and pulmonary venous blood. Often, hypothermic circulatory arrest is used to perform the aortic reconstruction. However, recent attempts have been made to use
low-flow cardiopulmonary bypass via cannulation in the
head and neck vessels, thereby avoiding the potential
neurologic complications associated with circulatory arrest.
With this reconstruction, systemic and pulmonary venous
blood enter and mix in the common atria, enter the single
right ventricle via the tricuspid valve, cross the native
pulmonary valve, and enter the neoaorta. Blood will flow
antegrade to the systemic circulation, and the coronary
arteries will be perfused during diastole. When blood enters
the aorta, some will flow across the aortopulmonary shunt
into the pulmonary circulation.
Bidirectional Cavopulmonary Shunt. The goal of the
second-stage palliative procedure is to decrease the volume
load of the single ventricle, thereby decreasing work and
preserving myocardial function, tricuspid valve function,
and myocardial perfusion. Typically, the procedure performed is the bidirectional cavopulmonary shunt, commonly called the bidirectional Glenn shunt. Through a
median sternotomy, the superior vena cava is divided from
the right atria and anastomosed to the right branch
pulmonary artery. The modified Blalock-Taussig shunt is
removed, and the cardiac end of the superior vena cava is
oversewn (Fig. 18-21). The azygous vein is usually ligated

Reconmueted AReIIdInll Aorta

Fig. 18-20 Circulatory pathway after Stage I reconstructive surgery for HLHS. RA, Right atrium; Ao-PA shunt, aorta pulmonary
shunt; MPA, main pulmonary artery; lA, left atrium; LV, left ventricle; RV, right ventricle. (From Smith JB, Vernon-Levell P: Care of
infants with HLHS, MeN Clin Issues Crit Care Nurs 4:33, 1993.)
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to decrease a source of decompression of the upper systemic
veins to the atria. Additional surgical procedures that may be
performed at this time to optimize conditions for the Fontan
procedure may include a pulmonary arterioplasty and a
tricuspid valvuloplasty.

Fig. 18-21 Bidirectional superior cavopulmonary anastomosis
(bidirectional Glenn). (From Chang A, Hanley F, Wernovsky G
et al: Pediatric cardiac intensive care, Baltimore, 1998, Williams
& Wilkins.)
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With this anatomy, systemic venous blood from the head
and neck directly enters the pulmonary circulation. The
systemic venous blood from the inferior vena cava enters the
common atria, where it mixes with the coronary sinus and
pulmonary venous blood. This blood exits the heart through
the aorta, resulting in a systemic arterial oxygen saturation
of 75% to 85%. Although this decreases the volume load
and subsequent work of the single ventricle, problems with
this procedure include the late development of arterial
desaturation, pulmonary arteriovenous malformations, and
aortopulmonary collaterals. 42
Fontan Operation. The goal of the third and final
palliati ve procedure is to provide a separation of the
systemic and pulmonary circulations and correct arterial
desaturation. Many revisions of the Fontan operation have
evolved over the years in an attempt to improve the outcome
of patients with single-ventricle physiology. Currently, the
two procedures most commonly performed include the
intraatrial lateral tunnel Fontan and the extracardiac conduit
Fontan.
With the lateral tunnel Fontan operation, a right atrial
incision is made, and a Gore-Tex patch is sewn around
the orifice of the inferior vena cava along the lateral
wall of the right atria toward the superior vena cava. 42
The upper end of the superior vena cava is then anastomosed to the right branch pulmonary artery, creating a
tunnel from the inferior vena cava, through the right atria,
to the pulmonary artery (Fig. 18-22). The superior vena
cava has been previously anastomosed to the pulmonary
artery when the bidirectional cavopulmonary shunt was
performed.

Fig. 18-22 Lateral tunnel cavopulrnonary Fontan procedure. (From Chang A, Hanley F, Wernovski G
et al: 1998) Pediatric cardiac intensive care, Baltimore, 1998.Williarns & Wilkins.)
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Fig. 18-23 Extracardiac Fontan procedure. (From Chang A, Hanley F, Wemovski G et al: Pediatric
cardiac intensive care, Baltimore, 1998, Williams & Wilkins,)

With the extracardiac conduit Fontan operation, the
inferior vena cava is transected from the right atria. A
Gore-Tex conduit is sewn to the inferior vena cava and
connected to the right pulmonary artery (Fig. 18-23).
Possible advantages of this technique include the avoidance
of right atrial suture lines and the elimination of elevated
right atrial pressure, resulting in potentially fewer atrial
arrhythmias and effusions,
With either Fontan operation, all the systemic venous
blood is directly diverted to the pulmonary circulation, The
coronary sinus blood enters the atria, mixes with the
pulmonary venous blood, and is ejected into the systemic
circulation, resulting in a systemic arterial oxygen saturation
of approximately 95%. In some cases an atrial fenestration
(connection from the systemic venous connection to the left
atrium) may be inserted, which allows shunting of systemic
venous blood to the atria in the event of elevated pulmonary
artery pressure, thereby preventing complications of low
cardiac output and effusions.
Postoperative Management
Stage 1 Palliative Procedures. The primary goals in the
postoperative management of complex reconstructive procedures, such as the Norwood procedure, include the
management of low cardiac output and balancing of the
systemic and pulmonary circulations, Low cardiac output is
managed with continuous infusions of inotropic and
afterload-reducing agents. Volume administration is given
judiciously to avoid distension of the single ventricle.
Hemodynamics are monitored closely, and signs of low
cardiac output, including poor peripheral perfusion, oliguria, tachycardia, hypotension, and metabolic acidosis,
should prompt aggressive intervention. Delayed sternal

closure is often performed to prevent mechanical cardiac
tamponade in the early postoperative period. The hematocrit
is maintained greater than 45% to improve oxygen delivery
in the face of chronic arterial desaturation. Oxygen demand
is minimized with the aggressive management of pain and
agitation and the careful performance of nursing procedures,
Procedures, such as suctioning and dressing changes, must
be performed carefully to avoid a stimulus response that
may result in acute hemodynamic deterioration. Acid-base
abnormalities should be aggressively treated to avoid further
depression of myocardial function.
Similar to the preoperative setting, infants with singleventricle physiology who have a systemic-to-pulmonary
communication as their source of PBF (i.e., Norwood
procedure) may suffer from postoperative pulmonary overcirculation or undercirculation. In this setting, altering the
PVR, as previously described, may be lifesaving. In the
postoperative period, however, it must be remembered that
the surgically placed systemic-to-pulmonary communication (vascular shunt) may need to be modified if these other
measures fail.
Bidirectional Cavopulmonary Anastomosis. Postoperative management of these patients is fairly straightforward.
Typically, these patients can be extubated within 12 to
24 hours of surgery. Inotropic infusions are common after
the use of cardiopulmonary bypass, Two important postoperative management issues following the bidirectional
Glenn procedure include the assessment of elevated superior
vena cava (SVC) pressure (SVC syndrome), and hypoxemia. SVC syndrome can be the result of an obstruction at
the anastomosis site, pulmonary artery distortion, or elevations in PVR 42 Clinical signs include upper body plethora
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and edema, with demarcation across the chest. Significant
elevations in SVC pressure can limit cerebral blood flow and
result in cerebral ischemia. Prevention and management
strategies include elevating the head of the bed and keeping
the head and neck midline. This positioning optimizes
passive flow of blood from the head and neck to the
pulmonary circulation. If PVR is elevated, vasodilation with
oxygen and afterload-reducing agents may be necessary.
Frequent nursing evaluation for the development of SVC
syndrome, along with examination of the neurologic status,
is critical in the postoperative period because an increase in
SVC pressure can be detrimental to cerebral perfusion.
Atrial pressure is maintained at 6 to 8 mmHg to avoid
interference with pulmonary venous return to the heart.
Hypoxemia with Glenn physiology may be caused by
pulmonary venous desaturation (pneumothorax, pleural
effusion, pulmonary edema), systemic venous desaturation
(anemia, low cardiac output), or decreased PBF (elevated
PVR, pulmonary venous hypertension).42 When the systemic arterial oxygen saturation is less than 70%, careful
evaluation for these problems must be performed to identify
the cause and provide the appropriate treatment. Careful
respiratory assessment along with radiographic examination
will provide critical information regarding the cause of
hypoxemia. The patient's hematocrit should be maintained
at greater than 45% to optimize oxygen delivery compensating for the cyanosis.
Fontan Operation. The postoperative management of
patients after the Fontan operation may be dependent on the
type of procedure performed and the preoperative hemodynamics. Postoperative complications include low cardiac
output, hypoxemia, and effusions. Low cardiac output after
this operation is commonly caused by myocardial dysfunction or inadequate preload. Preload is completely dependent
on adequate PBF and pulmonary venous return to the single
ventricle. Therefore an elevation in PVR becomes a major
contributing factor in the development of low cardiac
output. Elevations in PVR may be demonstrated by a low
atrial pressure and an elevated systemic venous pressure. If
a fenestration is present, right-to-left shunting can occur,
providing adequate cardiac output in the face of elevated
PVR. Any obstruction in the systemic veins could also result
in inadequate PBF and low cardiac output. Myocardial
dysfunction is supported with the use of continuous
infusions of inotropic and afterload-reducing agents. Volume administration is frequently needed, particularly when
effusions result in excessive loss of fluid.
The cause of cyanosis in these patients is similar to that
seen with bidirectional Glenn physiology. In particular,
patients with Fontan physiology are at risk for the development of pleural effusions, which can result in hypoxemia. Vigilant pulmonary assessment along with radiographic examination is critical to determine the cause of
hypoxemia in these patients. When a fenestration is
present, cyanosis may be the result of right-to-left shunting
of blood. Typically, systemic arterial oxygen saturation in
unfenestrated patients is 95% to 97%. When a fenestration is present, the saturation depends on the amount of
shunting.
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PBF in these patients is completely dependent on passive
flow from the systemic circulation to the pulmonary
circulation. This results in a natural elevation of systemic
venous pressure, and any rise in PVR will further elevate
systemic venous pressure. These mechanisms result in the
leaking of serous fluid from the systemic veins to the
extravascular spaces. Pleural effusions, pericardial effusions, and ascites can develop. Chest tube output must be
carefully monitored to provide an adequate assessment of
fluid intake and output. Fluid replacement may be necessary
if losses become excessive. Diuretic therapy is frequently
administered to decrease the systemic venous pressure and
volume, potentially preventing the development of effusions. Typically, effusions resolve within I to 2 weeks
following surgery once the systemic veins have adapted to
higher pressures.
Infants and children who undergo procedures in which
caval-to-pulmonary communications are used (Glenn or
Fontan procedures) are dependent on a low PVR to maintain
adequate PBF and systemic output. Because PBF is
passively driven, minor increases in PVR may have
profound physiologic effects in the postoperati ve period.
Sedation, ventilator, and vasodilator strategies should be
implemented as described for patients with pulmonary
hypertension. However, despite these measures, these children have a very high morbidity and mortality rate.
Problems with increased PVR in this patient population
often indicate unfavorable physiology, Surgical options
(fenestration of the Fontan, takedown of the Glenn or
Fontan) must be considered before significant multisystem
organ dysfunction results.

Cyanotic Congenital Heart Defects
With Variable PBF
Some complex cyanotic CHDs present with a number of
anatomic variations that result in alterations in the volume of
PBF. Complete transposition of the great arteries is a
common defect in this group, whereas all others (doubleoutlet right ventricle, double-inlet left ventricle, and single
ventricle) are rare. These last defects are not discussed in
this text.
Transposition of the Great Arteries. In transposition of the great arteries (TGA), the aorta arises from the
morphologic right ventricle and the pulmonary artery from
the morphologic left ventricle. The most common form of
TGA occurs when the ventricles are normally positioned
and the aorta is anterior and to the right of the pulmonary
artery (D-TGA). Coexisting cardiac lesions occur in about
one half of infants with TGA. The most common is VSD
(with or without subpulmonary stenosis), coarctation or
interrupted aortic arch, and coronary artery abnormalities.
Between the third and fourth week of gestation, the
truncus arteriosus is divided into the pulmonary artery
and the aorta. This results from spiral growth of the
conotruncal ridges. Failure of the conotruncal ridges to
spiral or rotate completely results in transposing of the aorta
and the pulmonary artery relative to the ventricles. Therefore the aorta arises from the right ventricle, and the
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pulmonary artery arises from the left ventricle. Without a
PDA, PFO, ASD, or VSD, the result will be two parallel
circulations.
D-TGA, as initially described here, is contrasted to
corrected transposition of the great arteries (L-TGA).
Corrected transposition exists when the morphologic right
and left ventricles and AV valves are transposed. This results
in the pulmonary artery arising from the systemic venous
ventricle (right-sided, morphologic LV), and the aorta
arising from the pulmonary venous ventricle (left-sided,
morphologic RV). Therefore systemic venous blood (desaturated) flows to the pulmonary artery and pulmonary venous
blood (saturated) to the aorta, and cyanosis is not present.
L-TGA can occur in isolation or in combination with other
structural defects and is often associated with progressive
heart block. Heart failure can occur in young adulthood
because the morphologic RV serves as the systemic pump,
a function that it is not structurally intended to perform for
a prolonged period. The rest of this section focuses on the
identification and treatment of D-TGA.

The child with D-TGA essentially has two independent
parallel circuits of circulation. Venous blood from the body
flows to the right atrium, to the RV, and out the aorta to the
body and returns again to the right atrium. Thus systemic
perfusion is with persistently desaturated blood. Oxygenated blood from the lungs flows to the left atrium, LV, and
out the pulmonary artery to the lungs and returns again to
the left atrium. Thus the lungs are perfused with completely
saturated blood. The systemic arterial oxygen saturations are
dependent on adequate mixing with oxygenated blood.
Immediately after birth, the PDA and PFO are present.
These two structures allow mixing at the level of the
great arteries (bidirectional between aorta and pulmonary
artery through PDA) and the atrium (left to right through the
PFO) until the normal postnatal changes occur that induce
ductal and PFO closure (Fig. 18-24). Survival in these
patients is predicated on maintaining mixing until surgical
correction. 43
The infant with D-TGA and VSD generally has adequate
mixing across the VSD (bidirectional) and the PFO (left to
right).44 Desaturated blood will go from the RV to the
LV, and saturated blood will go from the left atrium to the
right; therefore these patients are only mildly cyanotic
but can develop pulmonary overcirculation when PVR falls
(Fig. 18-25).
D-TGA, VSD, and pulmonary stenosis (PS) may have an
appropriate amount of mixing with protection of the
pulmonary vascular bed (by PS) without pulmonary overcirculation. The degree of PBF is determined by the degree
of PS, which can be quite variable. Frequently the PS will

Transposition
Fig. 18-24 Diagram of circulatory pathways in transposition of
the great arteries. AO, Aorta; pv, pulmonary vein; LA, left atrium;
RA. right atrium; LV, left ventricle; RV, right ventricle; PA, pulmonary artery; Sv, systemic vein; PDA, patent ductus arteriosus.
(From Garson A, Bricker JT, Fisher OJ et aJ: The science and
practice of pediatric cardiology, Baltimore, 1998,Williams &
Wilkins.)

Fig. 18-25 Diagram of transposition of the great arteries indicating the possihle sites of mixing of blood between systemic
and pulmonary circulations (arrows). AO, Aorta; PA, pulmonary artery; LV, left ventricle; RV, right ventricle; RA, right atrium.
(From Garson A, Bricker JT, Fisher OJ et aJ: The science and
practice of pediatric cardiology, Baltimore, 1998, Williams &
Wilkins.)
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progress; therefore PBF will decrease, and the infant will
become progressively cyanotic. 45
Clinical Presentation and Course. Table 18-7 summarizes the clinical findings in infants with TGA. In infants
with simple D-TGA (without VSD), once the PDA closes,
the infant will develop significant metabolic acidosis,
cyanosis, and ultimately death if not treated. Those with
associated defects may be acyanotic or only mildly cyanotic.
Echocardiogram is sufficient to make the diagnosis;
cardiac catheterization is only required if concerns remain
about coronary artery anatomy or associated structural
defects.
Management. Management in the newborn is aimed
at ensuring adequate mixing and supporting systemic
oxygen delivery. Maintaining patency of the PDA with
prostaglandins will increase PBF and mixing. In addition,
balloon atrial septostomy is performed to augment mixing
and to decompress the volume load of the left heart.
Septostomy can be performed at the bedside under echocardiographic guidance or in the catheterization laboratory."
Rarely will an infant not respond to PGE 1 or balloon
septostomy. These children will have persistent cyanosis,
poor perfusion, and metabolic acidosis. Intravenous inotropes are instituted to support contractility. If pulmonary
hypertension is the cause of poor mixing, then maneuvers to
decrease PVR are implemented (oxygen, alkalosis, nitric
oxide). Some will require emergent surgery; however, these
unstable infants can have a difficult postoperative course.
Digoxin and diuretic therapy are indicated in the infant with
large VSDs and CHF.
Surgical Management. Surgical repair of TGA is an
example of progress and "change" in pediatric cardiac
surgery that has occurred over the last 30 to 40 years. Some
of the progress is the result of interest in "old" ideas. The
first repairs of TGA were attempts at anatomic correction,
that is, placing the pulmonary artery and aorta in their
normal anatomic positions. These operations, performed by
Bai ley and colleagues in 195446 and by Kay and Cross in

TABLE 18·7

iitVncomplicated TGA
';!:
i!

[~TGA

:i~TGA

"

with VSD

with VSD and
sub-PS

:g;;ICS,

Cardiovascular Critical Care Problems

619

1955,47 did not include transfer of the coronary arteries and
resulted in universal mortality. Mustard and co-workers also
performed an anatomic correction in 1954, with transfer of
the left coronary artery, but also without success.
The focus of attempts to repair TGA then shifted from
anatomic correction to "physiologic repair" by rerouting
pulmonary and systemic venous return through a baffle of
Dacron or pericardium, such that each atrium emptied into
the opposite ventricle (atrial switch procedure; Fig. 18-26).
First successfully applied by Senning,4S the procedure was
modified by Mustard. 49 Although risk of mortality was low,
long-ternl complications became apparent. Complications
include systemic (right) ventricular dysfunction, heart failure, exercise intolerance, and symptomatic atrial arrhythmias 50 .51 In general, the Mustard and Senning procedures
are no longer performed for straightforward TGA. However

Fig. 18·26 Atrial switch procedure, whereby atrial septum is
excised and atrial baffle is placed. Short, curved arrows designate
systemic venous flow through the baffle toward the mitral valve
(MV), left ventricle, and pulmonary artery. Bold arrow indicates
pu Imonary venous flow behind and around the baffle to the
tricuspid valve (IV), right ventricle, and aorta. lVe. Inferior vena
cava; SVC, superior vena cava. (From Emmanouilides GC,
Riemenschneider TA, Allen HD et al: Heart disease in infants,
children. and adoiescellls. Baltimore, 1995. Williams & Wilkins.)

Cyanotic Congenital Heart Defects With Variable Pulmonary Blood Flow (TGA)
Cardiac Examination

Electrocardiogram

Radiograph

Murmur may not be present,
single S2

Right ventricular hypertrophy,
possible right atrial hypertrophy, right axis deviation; may
be normal in newborn
Right ventricular hypertrophy
or biventricular hypertrophy

Cardiomegaly, narrow mediastinum, increased pulmonary
vascular markings; may be
normal in newborn
Cardiomegaly, narrow mediastinum. increased pulmonary
vascular markings

Right ventricular hypertrophy

Cardiomegaly, narrow mediasti·
num, decreased pulmonary
vascular markings

Single S2; holosystolic murmur
best heard at fourth ICS to
left of sternum; thrill may
be present
Single S2; holosystoJic murmur;
ejection systolic murmur best
heard along left sternal
border

Intercostal space; 52' second heart sound: sub-PS, subvalvuJar pulmonary stenos.is; TGA, transposition of the great arteries; VSD, ventricular septal

~'defecl.
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surgical innovations have resurrected this procedure for
select patients with complex AV and ventriculoarterial
discordance. The so-called double-switch procedure uses
the atrial (Mustard or Senning) and arterial switch procedures in an anempt to provide functionally normal hemodynamics. 52
Even before recognition of the long-term problems
associated with atrial correction of TGA, attempts at
developing a successful method of anatomic correction
continued. Interest heightened as complications of older
procedures became apparent. Jatene and associates 53 performed the first successful arterial switch operation (ASO)
in 1975. Initially, the ASO was used only in infants
diagnosed with TGA and a VSD. Use of the ASO was later
expanded to include those patients with TGA and intact
ventricular septum (IVS). Currently, the ASO is performed
with the same low mortality expected with either atrial
correction and is the operation of choice for infants with
TGA. ASO consists of transecting the aorta and pulmonary
artery and reanastomosing the great arteries to the correct
ventricle (i.e., PA to RV and aorta to LV). Transection of the
great artery is performed above the semilunar valve;
therefore the native pulmonary valve becomes the new
aortic val ve, and visa versa. The coronary arteries must also
be moved to the new aortic connection. Significant PS may
preclude the ASO because PS will become aortic stenosis
after the arterial switch. These patients may require an atrial
switch repair or an RV-to-PA conduit.
After the arterial switch, the left ventricle must be able to
eject against systemic resistance. Timing for surgical repair
is critically important because the LV will not be able to
function against systemic resistance if surgery is delayed.
This is due to the fact that the LV has become "deconditioned" because it has only been required to support the
low-resistance pulmonary vascular circuit. The exact time
when the LV becomes deconditioned is unknown, but
clinical experience would suggest that the LV remains
adequately prepared for at least 2 to 4 weeks after birth. 43
The exception would be a large unrestricted VSD in which
the LV and RV pressures are equal or the presence of PS. In
some infants who present late or in older patients with failed
atrial baffle procedures, concerns may arise about LV
function and ability to support systemic circulation. Under
these conditions a two-stage procedure may be undertaken
in select patients.54 The stages include banding of the
pulmonary artery to increase LV pressure (and work),
followed in a few days by the arterial switch and takedown
of the PA band.
After the ASO, myocardial ischemia or arrhythmias
resulting from the operative transfer of the coronary arteries
may occur. Ultimately this will produce left ventricular
dysfunction and possibly failure. This effect is manifested as
an increase in LA pressure, worsening mitral regurgitation,
poor peripheral perfusion, low blood pressure, and metabolic acidosis. Inotropic support is initially instituted, and
mechanical support can be implemented for those infants
who fail medical management.
Described and possible late complications include supravalvar PS, failure of the native pulmonary valve to

function in the aortic pOSItion, RVOTO, and possible
coronary artery abnormalities55

PERIOPERATIVE MANAGEMENT
OF PEDIATRIC CARDIAC
SURGICAL PATIENTS
Advances in the surgical management of infants and
children with CHDs have significantly affected postoperative management and outcomes. Improved understanding of
the anatomy and pathophysiology of structural defects and
neonatal physiology, along with technologic advances in
hypothermia, cardiopulmonary bypass, circulatory arrest,
critical care management, and pharmacologic intervention,
have combined to improve postoperative outcomes.56 Currently, many complex lesions are amenable to partial or
complete repair during infancy.
Repair of CHD early in life can prevent or diminish the
pathologic sequelae that result from prolonged abnormal
hemodynamics and cyanosis. However, unique features of
the physiologic responses of young cardiac surgery patients
continue to provide challenges to nurses and physicians
involved in their care.
Following birth, parents of critically ill infants are often
faced with the immediate transport of their infant to a
tertiary care center that is specifically equipped to treat
infants with congenital heart disease. Transport to a center
many miles away is coupled with the stress of unexpected
surgical intervention necessary to treat their newborn.
Prenatal diagnosis permits planning to expedite the management of the infant known to have a heart defect,57 as well
as affording time for parental preparation and education. In
addition, parents of older infants and children may not have
their usual support system immediately available and are
therefore not immune to the stress of cardiac surgery.

Preoperative Preparation
An uncomplicated operative and postoperative course for
cardiac surgery patients begins with preoperative assessment and preparation. All infants and children must have a
careful history and physical examination conducted before
surgery. It is important to evaluate for the presence of acute
illnesses (upper respiratory infection, pneumonia, otitis
media) that would necessitate rescheduling elective surgery.
Chronic medical problems, such as diabetes, asthma,
arrhythmias, and seizure disorders, .that would require
special management are identified.
Routine laboratory and radiology assessments are performed. A chest radiograph is obtained on all patients. For
those children having closed heart operations of an elective
nature, generally only a complete blood count and urinalysis
are required. Seriously ill patients and those scheduled for
open heart operations generally have coagulation studies,
platelet count, and serum electrolytes obtained in addition.
These tests may identify problems that would require
correction before or special attention during surgery.
Newborn infants with severe obstructive CHDs may
present with severe heart failure, poor perfusion, oliguria,
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and acidosis, or severe cyanosis as the ductus arteriosus
closes. Stabilization can be achieved for some with PGE!.
Infants with ductal-dependent heart lesions can be stabilized
when ductal patency is maintained, thereby increasing
systemic oxygenation. Preoperative measures to stabilize
the infant's physiologic status may prevent emergency
surgery in a very ill baby and possible subsequent end-organ
complications.
Another necessary prelude to corrective cardiac surgery
in some patients is the demonstration that PYR is either low
enough to allow safe surgery or can be lowered sufficiently
to allow recovery from surgery. Therefore cardiac catheterization' which allows the calculation of baseline PYR and
response to vasodilator therapy, has been the standard
method of preoperative evaluation of the pulmonary circulation. Unfortunately, this approach is not a very sensitive
indicator of perioperative morbidity and mortality. For
example, the fact that baseline PYR is high and cannot be
lowered does not prove that surgery cannot be performed
safely, and the fact that PYR can be lowered at cardiac
catheterization does not ensure a safe postoperative course.
In addition, exactly how high the PYR must be to preclude
surgical repair is uncertain. PYR more than 15 Wood units
is associated with very poor short- and long-term results,
although notable exceptions exist. For example, if the
patient has coexisting pulmonary disease, recatheterization
after intensive pulmonary therapy may show a decrease in
PYR. Similarly, if the patient lives at altitude, recatheterization after 4 or more weeks of oxygen therapy may show
a decrease in PYR. More studies are necessary to identify
better predictors of postoperative morbidity secondary to
pulmonary hypertension. 58

Perioperative Techniques
Since the introduction of the heart-lung machine nearly 40
years ago, efforts have continued toward the development of
safe and reliable methods to control circulation during
cardiac surgery. Refinement of these methods has improved
outcomes over the past years; nonetheless, cardiopulmonary
bypass, hypothermia, circulatory arrest, and aortic cross
clamping can precipitate physiologic derangements in major
organs during surgery that continue into the postoperative
period. 59
Cardiopulmonary Bypass. Cardiopulmonary bypass (CPB) provides tissue perfusion and oxygenation
through the use of a mechanical pump and oxygenator,
thereby bypassing the patient's own heart and lungs. To
reroute blood, cannulas are placed in the right atrium and in
the ascending aorta. Blood is removed from the right atrium,
circulated through the oxygenator, and returned to the
ascending aorta. Balanced crystalloid priming solution or
citrated whole blood are used to prime the pump and dilute
the hematocrit to 20% to 25%59 Heparin is used to prevent
clot formation within the circuit and oxygenator.
Myocardial Protection. Bypass of the heart and
lungs necessitates attention to protection of the myocardium
during cardiac surgery. Both hypothermia and chemical
preservation of the myocardium are currently employed.
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Hypothermia and Circulatory Arrest. Moderate
(20° to 25° C) and deep (15° to 18° C) hypothermia
decreases the body's oxygen consumption, thereby protecting the brain and other vital organs during low circulatory
flow with CPB. The protective effect of hypothermia is
generally attributed to decreased cellular metabolic activity,
reflected by both decreased oxygen consumption and
glucose use. Core or surface cooling may be used singly or
in combination. Surface cooling begins before the incision is
made and is facilitated by decreasing the environmental
temperature and through the use of hypothermia blankets or
ice packs. Core cooling is accomplished using the heat
exchanger in the bypass circuit. Heart rate and blood
pressure decrease as body temperature falls, with asystole
generally occurring between 22° to 24° C. In deep
hypothermia, cooling is continued to a body temperature of
less than 20° C. With deep hypothermia, circulatory arrest
(the cessation of CPB) can be used. This method allows
removal of intracardiac cannulas, thereby providing the
surgeon an unobstructed surgical field, which enables repair
of complex defects on very small patients.
Most data regarding the physiologic changes of organ
systems associated with hypothermic circulatory arrest are
based on animal research. Overall, these studies indicate
that relatively short periods of hypothermic arrest are not
associated with significant end-organ injury or dysfunction.
Nevertheless, potential complications include renal insufficiency, necrotizing enterocolitis, liver necrosis, and atelectasis secondary to a low-flow state.
Impairment of the functional integrity of the brain after
hypothermia and circulatory arrest has been the focus of
intensive investigation since the I 960s. Experimental animal studies indicate that cerebral hypothermia protects
against the development of, although it cannot prevent, metabolic and structural changes that lead to functional neurologic impairment59 Prolonged periods of cerebral hypothermia, without circulatory arrest, produce irreversible brain
injury in animal models. Adverse neurologic sequelae after
periods of hypothermia and circulatory arrest include seizures, choreoathetosis, paresis, rigidity, muscular hypotonia,
intellectual impairment, coma, and death. 59 A period of 45 to
60 minutes of hypothermia and circulatory arrest is judged
to be "safe. ,,59 A nomogram can be used to estimate the
probability of a "safe" circulatory arrest time (Fig. 18-27).
Aortic Cross Clamping and Chemical Myocardial
Protection. With initiation of CPB and cooling, the aorta
can be cross clamped to prevent backflow into the left
ventricle, thereby creating a bloodless surgical field. Decreasing metabolic and oxygen requirements with hypothermia achieves some myocardial protection from ischemia.
During CPB, electromechanical arrest is also achieved via
an injection of hypothermic (4° C) cardioplegic solution into
the aortic root. This results in immediate cessation of cardiac
activity. Although it is protective in the older infant and
child, efficacy of cold cardioplegia for myocardial protection in the immature myocardium remains to be defined.
The ideal cardioplegia solution would provide rapid and
complete cardiac arrest, maintain the myocardial electrolyte
environment, deliver substrates, wash out metabolites, and
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Fig. 18-27 Nomogram of probably safe circulatory arrest times
in patients at various degrees of hypothermia. (From Kirklin JW,
Barratt-Boyes BG, eds: Cardiac surgery, ed 2, New York, 1993,
John Wiley & Sons, p 74.)

maintain cellular pH at a protective level. 6o Although many
different solutions are used in cardiac surgery today, the
search for a "perfect" solution continues. Most cardioplegic
solutions are similar to extracellular fluid, with the exception of large amounts of added potassium to induce diastolic cardiac arrest. Increased concentrations of potassium
and magnesium (another component of cardioplegia) are
thought to prevent calcium influx, inhibit calcium release
from the sarcoplasmic reticulum, and reduce mitochondrial
uptake of calcium. This approach is believed to be protective because calcium release and uptake may be related to
ischemic cell membrane damage and to subsequent myocardial cellular swelling and death. Cardioplegic solutions provides myocardial protection because the heart is ideally
maintained in diastole with minimal metabolic requirements
and rebeating is prevented.
Rewarming. When the intracardiac repair is completed, surface and core warming are begun. If circulatory
arrest is used, then CPB is resumed and the aortic cross
clamp removed. Spontaneous ventricular contractions usually occur at a temperature of 30° to 32° C. If the heart does
not begin to beat spontaneously, electrical defibrillation may
be needed. When the body temperature is nearly normal,
bypass is discontinued.

Potential Postoperative Complications
The potential for complications is high following cardiac
surgery in infants and children. Timely assessment, identification, and intervention improve outcomes.
Inadequate Tissue Perfusion, Tissue perfusion is
dependent on the adequacy of cardiac output, which in the
immediate postoperative period may change rapidly. Continuous assessment of the patient's hemodynamic status by
evaluating peripheral pulses and temperature of the extremities, capillary refill, core temperature, arterial blood pressure, and filling pressures are key to the early identification
of problems. Tissue perfusion is dependent on myocardial
contractility, intravascular volume (preload), resistance to

ventricular ejection (afterload), and heart rate. Low cardiac
output and impaired perfusion can be the consequence of
(I) decreased intravascular volume from excessive losses,
inadequate replacement, cardiac tamponade, or excessive
diuresis; (2) increased systemic or pulmonary vascular
resistance from vasoconstriction or hypertension; (3) decreased ventricular contractility from myocardial injury
secondary to inadequate intraoperative protection, hypoxia,
acidosis, or electrolyte imbalance; (4) alteration in heart
rate or rhythm; or (5) inadequate intracardiac repair with
residual shunts or valve lesions. These causes are summarized in Table 18-8.
Inadequate Intravascular Volume. Adequate preload is essential to maintain cardiac output. Postoperatively,
volume replacement may be necessary because of postoperative bleeding, expansion of the vascular space during
rewarming, third spacing of fluid, or diuresis. Postoperative
bleeding may be surgical or due to inadequate heparin
reversal at the end of CPB. Coagulation disorders are
assessed and corrected. Surgical bleeding is suspected when
chest tube drainage is greater than 3 ml/kg/hr for over 3
hours or 5 to 10 mllkg in any I hour. Volume loss of this
nature is significant in light of total blood volume in infants
and children (i.e., neonates, 85 to 90 ml/kg; infants, 75 to
80 mllkg; children, 70 to 75 mllkg) and may require
reoperation.
The type and amount of fluid administered when preload
is inadequate are based on the patient's hematocrit and the
nature of the fluid lost. Packed red blood cells are
administered to patients who are bleeding or have a
significantly decreased hematocrit. Optimal hematocrit is
dependent on patient condition, operative procedure, hemodynamics, and residual defects. Fresh frozen plasma or
cryoprecipitate are administered to replace clotting factors.
To treat hypovolemia unrelated to bleeding, colloid or
crystalloid may be infused. Boluses of fluid or blood are
administered in volumes of 10 mllkg over several minutes
while filling pressures are carefully assessed. In general,
increasing LAP to greater than 14 to 16 mmHg rarely
provides any additional improvement in cardiac performance and may contribute to left ventricular dysfunction.
Tamponade. Cardiac tamponade causes compression
of the atria, restricts venous return to the heart, and results
in decreased ventricular preload. Because early cardiac
tamponade results from persistent surgical bleeding not
being sufficiently evacuated by the chest drains, mediastinal
or chest drainage tubes must be kept patent. Signs of
potential or real tamponade include abrupt cessation of chest
tube output, elevated venous pressures, equalization of atrial
pressures, neck vein distension, systemic arterial hypotension, and narrow pulse pressure. Associated hypotension
may not be responsive to volume administration. Cardiac
tamponade necessitates prompt intervention, such as Fogarty striping of chest tubes or surgical reexploration to
evacuate the pericardial hematoma and control bleeding.
Occasionally, in infants following complex surgery
myocardial swelling, chamber dilation, respiratory compromise, persistent bleeding, or the need for ECMO will
prevent chest closure at the conclusion of surgery. Leaving
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Differential Diagnosis of Inadequate Tissue Perfusion

Cause

Critical Signs·

Inadequate Preload
Fluid volume deficit
Increased losses
Inadequate replacement
Cardiac tamponade
Pericardia! hematoma
Myocardial swelling

Low ventricular filling pressures
LAP. RAP <3-5
CYP <5-8
Acute increase in filling pressures
LAP, RAP, CYP rise
Acute decrease in chest drainage

Excessive Afterload
Increased SYR
Decreased tissue perfusion
SNS stimulation
Increased PYR
Hypoxia, hypercarbia
Suctioning
Agitation, pain

Normal to increased systemic arterial pressure
Cool, mottled extremities
Decreased peripheral pulses
Acute rise in PA pressures
Cyanosis
Bradycardia
Death (a potential consequence)

Myocardial Dysfunction
Chemical
Hypothermia
Acidosis
Electrolyte imbalance
Hypoxia
Functional
Preoperative dysfunction
Prolonged ischemic time
Residual hemodynamic problems
Cardiac rhythm disturbances

';~Seen in addition to the typical clinical signs of inadequate tissue perfusion.

High ventricular filling pressures
LAP, RAP >12
CVP >15-18

ECG abnormalities
.

~;CVP, Central venous pressure; ECG, electrocardiogram; VIp, left atrial pressure; RAP, right atrial pressure; SNS, sympathetic nervous system.
Eii-

the sternum open with the mediastinum covered with an
impermeable dressing is an option in this scenario. Once
myocardial swelling or bleeding has subsided and both
cardiac and pulmonary function have stabilized, the sternum
can be closed electively in the PICU usually 2 to 3 days after
surgery. Adjustment of ventilatory settings and inotropic
support may be indicated after chest closure because
significant changes in hemodynamics and respiratory physiology can occur. 61
Increased Systemic A fterload. Increased systemic
vascular resistance (SVR) is most often the consequence of
SNS stimulation in an attempt to compensate for low cardiac
output. Increased SVR may be poorly tolerated in the
postoperative period if myocardial performance is already
near maximal levels or if ventricular function is depressed.
Elevated SVR is signaled by normal to increased systemic
arterial pressure accompanied by cool, mottled extremities;
delayed capillary refill; poor peripheral pulses; and metabolic acidosis. Treatment is aimed at reduction of afterload
with vasodilator therapy.
Pulmonary Hypertension. The status of the pulmonary circulation is crucial in the perioperative management
of many children with congenital heart disease. This is most
pronounced is two subgroups of patients: those with
increased PBF or increased pulmonary venous pressure, in

which the development of pulmonary hypertension could
increase perioperative morbidity or mortality, as well as
exclude surgical options, and those with single ventricle
physiology, in which the status of the pulmonary circulation
will not only determine the level of oxygenation but also
determine systemic output.
Chronic and acute elevations in PVR remain a major
source of morbidity and mortality following surgical correction of congenital heart disease. Chronic elevation in
PVR results from structural changes of the pulmonary
vascular bed that decrease cross-sectional area. After
successful surgery, if these structural changes are reversible,
PVR will begin to decrease in the postoperative period.
However, complete normalization of the structural changes
may take months 26 ; therefore postoperatively the right
ventricle may work against an elevated PVR for a prolonged
period. Acute elevation in PVR results from the active
contraction of structurally abnormal pulmonary arteries
during a period of extreme vasoreactivity in the immediate postoperative period. This decreases cardiac output,
produces acidosis and hypoxemia, and may result in
significant morbidity and mortality. This period of extreme
vasoreactivity is caused by the degranulation of platelets
and leukocytes following CPB and hypothermia, with the
subsequent release of potent vasoconstrictors. The postop-
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erative management of patients with preoperative increases
in pulmonary arterial pressure and PYR is directed at
preventing acute pulmonary hypertensive crises during this
period of extreme vasoreactivity and subacute support of the
right ventricle. 62 Care of these children can be quite
challenging and requires a thorough understanding of the
pulmonary circulation.
Immediately after surgery with CPB, a period of enhanced pulmonary vascular reactivity is seen in children
with preoperative pulmonary hypertension. 63 This period of
enhanced reactivity, which may last up to approximately
5 to 7 days after CPB, is most likely a manifestation of
altered endotheliaUsmooth muscle cell interactions in a
previously altered pulmonary circulation. During CPB,
several factors, including the disruption of normal PBF,
complement activation, and neutrophil activation, induce
pulmonary vascular endothelial dysfunction. For example,
impaired endothelium-dependent pulmonary vasodilation,
altered eicosanoid metabolism, abnormal von Willebrand
factor (a marker of endothelial injury), and ultrastructural
changes of the pulmonary vascular endothelium have all
been noted in patients after undergoing CPB. This results in
increased vasoconstricting factors produced by the endothelium, such as endothelin I and thromboxane A2 , and
decreased vasodilating factors, such as nitric oxide.
Acute increases in PVR initiate a cascade of cardiopulmonary interactions that may lead to cardiovascular collapse. During pulmonary hypertensive crises, there is an
acute increase in right ventricular afterload, producing right
ventricular ischemia and failure. The resulting increase in
right ventricular end-diastolic volume shifts the intraventricular septum to the left, decreasing left ventricular volume
and cardiac output. Decreased cardiac output results in
decreased systemic perfusion and metabolic acidosis. Increased PYR and right ventricular failure also decrease PBF,
leading to increased dead space ventilation. Distension of
the pulmonary arteries and peri vascular cuffing with edematous fluid produce large and small airway obstruction,
respectively, worsening ventilation/perfusion mismatch and
lung compliance. Clinically, this may be manifested as
inability to move the chest wall with mechanical ventilation;
accidental extubation or pneumothoraces should also be
considered. These ventilatory derangements produce hypoxemia and hypercapnia. The resulting acidosis (either
metabolic or respiratory) and hypoxia further increase PYR,
perpetuating this cascade. 64
Prevention of pulmonary hypertensive crises is accomplished by avoiding those stimuli known to increase PYR,
including hypoxia, acidosis, agitation, overdistension of
the lung, and polycythemia. Alveolar hypoxia with systemic arterial hypoxemia and acidosis (metabolic or respiratory) increases PYR; their combination is synergistic.
Agitation and pain acutely increase PYR secondary to
catecholamine release and receptor activation 62 .64 Positive
pressure ventilation with high peak inspiratory and endexpiratory pressures overdistend the lung and increase PYR.
However, the appropriate use of positive pressure ventilation improves ventilation and oxygenation, which decreases
PYR. Polycythemia (hematocrits >55%) increases blood
viscosity and PYR.

Myocardial Dysfunction. Low cardiac output may
be due to myocardial dysfunction when signs of inadequate
tissue perfusion are accompanied by increased filling
pressures. Drugs, anesthesia, ischemia, hypoxia, acidosis,
extensive ventriculotomy, myocardial resection, or residual
hemodynamic abnormalities may depress myocardial performance. Both inotropic and afterload-reducing agents are
useful in improving cardiac performance. If pharmacologic
therapy is ineffective, a mechanical assist device or ECMO
may be useful.
Cardiac Rhythm Disturbances. Cardiac arrhythmias
are not uncommon after cardiac operations. Temporary
epicardial pacing wires are often placed before leaving the
operating room. Although many arrhythmias do not require
treatment because hemodynamics are not compromised,
treatment may be necessitated if the ventricular rate is either
too slow or too rapid to maintain adequate cardiac output. In
addition to specific treatment, it is important to correct
electrolyte and acid-base disturbances, if present. For
treatment of specific rhythm disorders, see the section on
cardiac rhythm disturbances.

Critical Care Management
The management of pediatric patients recovering from
cardiac surgery is best provided by a coordinated multidisciplinary team with expertise in cardiac surgery, cardiology,
anesthesia, intensive care, cardiac nursing, and respiratory
therapy. The primary objective in the care of these patients
is the ongoing assessment and monitoring of hemodynamic
parameters to detect postoperative problems as early as
possible, to intervene effectively, and to ensure adequate
oxygen delivery. Both invasive and noninvasive methods
are useful to monitor hemodynamic stability and tissue
perfusion. Heart rate and rhythm, preload, afterload, and
contractility are continuously assessed. Decisions to provide
pharmacologic or mechanical support are based on careful
attention to hemodynamic status.
Hemodynamic Assessment. Invasive hemodynamic monitoring and clinical assessment are the cornerstone of postoperative assessment. The critical care nurse
must possess not only astute clinical assessment skills but
also understand the use and limitations of technologic
assessment tools. For an in-depth review of invasive
hemodynamic monitoring, see Chapter 7.
Heart Rate and Rhythm. Arrhythmias have the
potential to compromise cardiac output if they interrupt
diastolic filling or AY synchrony. Continuous ECG monitors
heart rate and rhythm. The postoperative period represents a
period of physiologic stress; therefore heart rate is anticipated to be elevated.
Cardiac rhythm disturbances are not uncommon after
cardiac operations. Potential causes during the operation
include the surgical sequelae, effects of anesthesia, effects
of CPB or hypothermia, damage to the conduction system,
or high levels of endogenous or exogenous catecholamines.
Additional causes include metabolic and electrolyte imbalances, volume changes, hypoxemia, and temperature instability. Exogenous catecholamines can contribute to arrhythmogenesis, as can digoxin toxicity (particularly in the
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setting of hypokalemia). If arrhythmias are noted, potassium, magnesium, calcium, and phosphorus levels must be
checked and corrected to normal.
Ventricular arrhythmias and atrial fibrillation are uncommon outside the older adolescent or adult age group.
Automatic tachycardias such as atrial ectopic tachycardia or
JET are more common in infants than in the older child.
Conduction delay or heart block is associated with repairs of
septal defects, septal myectomy, and AV val ve abnormalities. For more complete review of arrhythmia management,
see the section on cardiac rhythm disturbances.
Systemic Arterial Blood Pressure. Continuous
monitoring of arterial pressure is achieved via an indwelling
arterial catheter and allows beat-to-beat assessment of blood
pressure. Noninvasive blood pressure measurements may
not be accurate in the early postoperative period because of
rapid changes in vascular tone and hemodynamics. The
potential for low cardiac output and inadequate tissue
perfusion is high in the early hours following cardiac
surgery and is related to a number of physiologic phenomena. These include fluid shifts, bleeding, rhythm abnormalities, and abnormalities of contractility and vascular tone. It
is important to remember that hypotension is generally a late
sign of low cardiac output. Data from direct measurement of
arterial pressure allows the timely identification of potential
postoperative blood pressure problems.
Monitoring Atrial Pressures. CVP or right atrial
pressure (RAP) provides information about the systemic
venous return and right heart preload and function. In the
absence of tricuspid valve disease, the CVP and RAP reflect
right ventricular end-diastolic pressure (RVEDP). Low
CVPs indicate hypovolemia. Right ventricular failure is
more common in infants than in adult patients. Elevated
RAP (often as high as 15 to 18 mmHg) may indicate right
ventricular failure or pulmonary hypertension.
LAP provides information about pulmonary venous
pressure and left heart preload and function. In the absence
of mitral valve disease, LAP reflects left ventricular
end-diastolic pressure (LVEDP). Low LAP indicates hypovolemia. Elevated LAP indicates left ventricular failure or
increased left ventricular afterload.
In addition to monitoring the mean atrial pressures to
determine preload and ventricular function, assessment
of the waveform yields important information about cardiac structure and function. Cannon a waves result from
increased resistance to ventricular filling (mitral or tricuspid stenosis, aortic or pulmonary stenosis, pulmonary hypertension) or when the atria contract against a
closed AV valve, as occurs with nodal rhythm or AV
dissociation. The a waves are absent in atrial fibrillation.
Tall v waves are seen in mitral or tricuspid regurgitation,
VSD, ASD, or CHF.
Monitoring Pulmonary Artery Pressure. Pulmonary artery pressure (PAP) monitoring provides information
about right ventricular function, right ventricular outflow
tract patency, PVR, pulmonary venous pressure, and pulmonary wedge pressure (if balloon-tipped catheter is used).
PAP is monitored as systolic, diastolic, and mean pressures.
PA diastolic pressure corresponds to the LAP in the absence
of pulmonary hypertension and mitral valve disease. Under
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normal circumstances, systolic PAP is the same as the right
ventricular systolic pressure.
Systemic or suprasytemic PAP in postoperative patients
can be life threatening, contributing to significant hemodynamic compromise. Measures to decrease PVR, such as
oxygenation, sedation, alkalosis, and possibly nitric oxide,
may be necessary.
Monitoring Oxygenation. Systemic arterial oxygen
saturation is routinely monitored by continuous pulse
oximetry. An understanding of the patient's unique postoperative physiology will assist in the interpretation of pulse
oximetry data. Invasive monitoring of mixed venous oxygen
saturation also provides important data regarding the
adequacy of oxygen delivery. This information is most
accurately obtained from a pulmonary artery catheter,
whereby a true mixed venous sample of blood can be
obtained. Continuous or intermittent monitoring of mixed
venous blood provides valuable information regarding
oxygen supply and demand. An elevation in mixed venous
oxygen saturation may occur in patients with high cardiac
output states or left-to-right intracardiac shunts. Decreased
mixed venous oxygen saturation may be seen in patients
with decreased cardiac output, anemia, decreased systemic
arterial oxygen saturation, and increased oxygen consumption states, such as fever.
Oxygen saturation measurements obtained from the right
atrium are dependent on the location of the catheter,
anatomy, and streaming (or blood flow) within the right
atrium or vena cava. Samples of blood from the SVC,
inferior vena cava (lYC), and coronary sinus will have
different oxygen saturations and may not accurately reflect
the mixed venous oxygen saturation. Blood samples from
the SVC may reflect a slight decrease in saturation relative
to IVC blood in the awake patient who is breathing room air.
However, the reverse is true in the deeply sedated or
anesthetized patient. 55 Blood samples obtained from the
coronary sinus or hepatic veins will be desaturated relative
to a true mixed venous sample (obtained from the PA).66
Right atrial oxygen saturations are monitored for trends;
interventions are determined based on these data along with
clinical correlation of patient condition.
Caring for Patients With Transthoracic Intracardiac Catheters. Transthoracic intracardiac catheters are
placed at the conclusion of surgery for hemodynamic
monitoring and management of postoperative patients.
These consist of directly placed RA, LA, or PA catheters. On
arrival to the PICU, chest radiographs demonstrate catheter
placement (Fig. 18-28). Most intracardiac catheters are
reserved for hemodynamic monitoring and the continuous
infusion of vasoactive medications.
Morbidity associated with the use of transthoracic
intracardiac catheters includes non function, thrombus, and
infection. 57 In addition, air or clot embolus from the LA line
can have devastating consequences if it embolizes to the
coronary or cerebral circulations. Careful attention must be
made to avoid any air entry into LA lines; therefore these
lines are typically used for monitoring of LA pressure only.
Once intracardiac lines are no longer indicated, specially
trained nurses or physicians accomplish removal in the
PICU. All possible data that may be needed from these lines
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Fig. 18-28 Transthoracic, intracardiac line locations. (From
Barker S: CV Nurse, Second Issue, 1993.)

are obtained before their removal. Examples include RA and
PA oxygen saturations, an LA tracing to demonstrate
elevated v waves, and a PA pullback pressure to assess
for RVOTO.
Morbidity associated with the removal of intracardiac
catheters include bleeding, need for intervention (chest
tube placement for hemothorax or pneumothorax, catheter
wiring for retained catheter, chest tube suctioning), and
hemodynamic compromise. Bleeding is the most common
complication and occurs more often with LA catheter
removal and in patients with genetic abnonnalities and
thrombocytopenia. Excessive bleeding can result in cardiac
tamponade, anemia, hypovolemia, hemothorax, and hemodynamic compromise. Careful assessment after the
removal of intracardiac catheters must be performed to
evaluate the development of these complications. Hemodynamic compromise occurs more often after the removal
of catheters in the LA or PA position and in patients with
thrombocytopenia,67
Respiratory Care. After undergoing cardiac surgery.
most patients arrive in the PICU intubated and mechanically
ventilated. Initial assessment of the patient includes auscultation of the lungs to detennine appropriate endotracheal
tube position and adequacy of ventilation. Chest radiographs
and arterial blood gas analysis help to support clinical
assessment. The size and position of the endotracheal tube
are documented, and the tube is secured in place.
Initially patients are ventilated with an FI02 of 1.0, unless
the patient has undergone palliation of single-ventricle
physiology with an aortopulmonary shunt. In these infants,
hyperoxia may decrease PVR and increase PBF at the

expense of systemic perfusion. These patients typically
receive an FI0 2 of 0.25 to 0.30. Fi0 2 is weaned rapidly in
most patients based on continuous pulse oximeter measurements of oxygen saturation or arterial blood gas. Although
this can be institution specific, generally volume-cycled
ventilation is used for postoperative support. Tidal volume
and rate are selected based on individual patient need to best
ensure ventilation and oxygenation. Titration of ventilator
settings is based on arterial blood gas analysis and clinical
condition. Occasionally. pressure-cycled ventilation is used
to support very small infants.
Suctioning of the endotracheal tube is reserved for
episodes of increased pulmonary secretions or episodes of
high airway pressure (caused by possible endotracheal tube
occlusion) and is executed with extreme caution. Ventilation
and oxygenation are ensured by manual ventilation before
and after each passage of the suction catheter, or an in-line
suction device can be used. In some patients, hand
ventilation with I ()()% oxygen and mild hyperinflation and
hyperventilation may protect them from hypoxemia and
hypercarbia during suctioning, although this technique
remains controversial. Patients with single-ventricle physiology or aortopulmonary connection can develop pulmonary overcirculation in response to hyperoxia or hypocarbia.
These infants should receive manual ventilation that simulates the mechanical ventilation while monitoring pulse
oximetry to ensure that PBF does not increase or decrease
dramatically. An in-line suction device can be quite helpful
in this patient population. Conversely, pulmonary vasospasm can be induced when ventilation with suctioning is(
inadequate, particularly in newborns and in infants and
children with pulmonary artery hypertension. Acute pulmonary hypertensive episodes can result in sudden decreases of
systemic cardiac output and cardiac arrest.
The length of time required for mechanical ventilation
depends on the complexity of the cardiac repair and the
postoperative course. It may be longer in patients with
pulmonary vascular congestion from large left-to-right
shunts or heart failure and in those with complex heart
defects. Mechanical ventilation is continued until the patient
is hemodynamically stable and able to sustain adequate
respiratory function independent of the ventilator. As the
patient awakens and begins to initiate respiration, the
ventilator can be weaned. Readiness for extubation is based
on physical assessment and arterial blood gas analysis.
Extubation can be accomplished when the patient is
hemodynamically stable with little or no inotropic support
on minimal ventilator settings, awake, able to clear pulmonary secretions spontaneously, and breathing spontaneously.
Patients who are unable to be extubated and do not have
pulmonary disease require investigation of potential cardiac
problems that could be contributory. Poor myocardial
contractility or residual defects may be responsible. Paralysis of the diaphragm from intraoperative injury to the
phrenic nerve may result in inability to extubate. Ultrasound
or fluoroscopic examination of the diaphragm assists in the
identification of this problem.
Vigorous diuresis in postoperative patients may result in
the development of metabolic alkalosis and can contribute
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to delayed extubation. Careful monitoring of fluid and
electrolytes and appropriate electrolyte replacement may be
helpful. Acetazolamide (Diamox) therapy or chloride replacement with arginine chloride may be helpful in the
ventilator-dependent patient whose total bicarbonate level
approaches or exceeds 40 mEqIL. These maneuvers may
help treat contraction alkalosis, thereby normalizing serum
bicarbonate, minimizing alkalosis, and resulting in improved respiratory effort.
Fluid and Electrolyte Replacement. Institutional
preference prevails in recommendations regarding postoperative intravenous fluids. Some institutions restrict sodium
intake for the first 24 hours, given the mild tendency for
sodium retention following CPB, administering 5% dextrose in water solutions to infants and children and 10%
dextrose to newborns. Solutions are changed to 5% or 10%
dextrose with 0.2% normal saline after the first postoperative day. Others recommend routine use of dextrosecontaining solutions with 0.2% saline on the first postoperative day to avoid hypovolemia. The volume of fluid
administered is generally restricted to 50% of maintenance
for patients who have required CPB for the first 24 hours.
Fluids are increased to full maintenance as determined by
patient physiology, clinical condition, fluid balance, chest
radiograph, and need for diuretics. In those patients not
requiring CPB, full maintenance fluids may be started
immediately after surgery. All sources of fluid intake,
including flushes of intravascular and intracardiac catheters,
are measured with care and included in the calculated fluid
requirement.
Fluid balance is assessed from heart rate, intracardiac
filling pressures, systemic arterial blood pressure, urine
output, and acid-base status. Volume is administered to
support filling pressures and cardiac output while preventing
fluid overload. In the immediate postoperative period,
rewarming can result in peripheral vasodilation and expansion of the vascular space, necessitating administration of
blood or colloid to maintain adequate intravascular volume.
Edema is present postoperatively to some extent in all
patients who undergo cardiac surgery with CPB and
hypothermia. Other contributing factors include length of
the surgery, type of procedure, and amount of fluid
administered intraoperatively. Total body water accumulation during cardiac surgery may be as much as 600 to
1000 ml. 56 After the first postoperative night, diuretics are
administered to augment diuresis and treat third spacing.
Low-dose dopamine (3 ~g/kg/min) may also be advantageous. The use of diuretics mandates attention to fluid,
electrolyte, and acid-base balance.
CPB, diuretic administration, and acid-base balance
affect serum potassium levels. Hypokalemia is known to
contribute to ventricular irritability,. especially in patients
receiving digoxin, and can cause rhythm disturbances.
Parameters for electrolyte replacement are specific to patient
condition and institutional preference. Hypokalemia is
treated with potassium chloride supplements of 0.25 to
I mEq/kg administered as a continuous infusion over I to
2 hours if urine output is adequate or added to the
maintenance fluids. Care is taken to ensure that potassium

Cardiovascular Critical Care Problems

627

supplements are not administered rapidly or in an excessively concentrated infusion because of the potential for
hyperkalemic cardiac arrest. Hyperkalemia is rare, unless
postoperative renal dysfunction is present. Treatment consists of removing all potassium from intravenous fluids and
the administration of polystyrene sulfonate (I g/kg every
4 hours) by mouth or rectum until renal function improves.
Occasionally, hemodialysis is required.
Mild hyponatremia is common but does not often require
treatment beyond administration of diuretics and restriction
of free water intake. Patients with serum sodium less than
125 mEqlL are at risk for seizures and other neurologic
symptoms and require diuresis, water restriction, and
cautious administration of normal saline.
Hypocalcemia is most often seen in newborns, those with
DiGeorge syndrome, and in patients receiving large
amounts of blood products. Transfused blood is preserved
with citrate phosphate dextrose that produces precipitation
of serum calcium with subsequent hypocalcemia. Administration of serum albumin also binds ionized calcium,
resulting in hypocalcemia. Documented hypocalcemia requires replacement therapy to support contractility.
Infants are at risk for the development of hypoglycemia
because of high metabolic rate and limited glycogen stores.
Hypoglycemia can depress myocardial function and may
cause seizures.
Acid-base balance is monitored with care because
myocardial performance is adversely affected by acidosis.
Metabolic acidosis indicates impaired tissue perfusion,
usually the result of inadequate cardiac output. Treatment
necessitates correction of the underlying hemodynamic
problem or administration of intravenous sodium bicarbonate (I mEq/kg/dose). Adequate ventilation must be ensured
because the buffering action of bicarbonate results in the
formation of carbon dioxide. Tromethamine (THAM) is an
alternative buffering agent for patients with severe metabolic acidosis and impaired renal function or hypernatremia.
Renal Function. Urine output is a sensitive indicator
of cardiac output and tissue perfusion after cardiac surgery.
Urine output of I ml/kg/hr is anticipated in infants and
young children; 0.5 ml/kg/hr (or 20 to 40 ml/hr) is
expected urine production in older children and adults. If
urine flow decreases, but physical examination and laboratory results suggest adequate cardiac output, the diminished
urine flow is most likely caused by stimulation of hormones
designed to retain fluid and maximize cardiac output. These
hormonal modulators can be caused by CPB, low atrial
pressures, decreased renal blood flow, and decreased cardiac
output. The RAAS is stimulated by a decrease in renal blood
flow, restoring cardiac output by sodium and water retention, which increase intravascular volume. Urine output can
also be diminished by the secretion of antidiuretic hormone
(ADH) stimulated by CPB.
Diminished urinary output should not be the sale
indicator for the administration of diuretics. Other clinical
parameters should be used such as filling pressures,
hepatomegaly, fluid balance, and chest radiograph. Administration of tubular diuretics is not likely to alter the outcome
of vasomotor nephropathy, which may have resulted from
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diminished perfusion during CPB or subsequent hemodynamic instability. Acute renal failure can occur in infants
and children after open heart surgery. Serum potassium,
blood urea nitrogen (BUN), and creatinine are key to
assessing renal function. If, despite adequate cardiac output,
urine output remains inadequate with an upward trend in
BUN and creatinine or the development of hyperkalemia,
renal replacement therapy may be indicated with continuous
veno-veno hemofiltration or dialysis.
Thermal Regulation. Although induced hypothermia for cardiac surgery is reversed at the conclusion of the
procedure, core temperature may be low, and peripheral
vasoconstriction persists when the patient arrives in the
PICU. Hypothermia prolongs postoperative bleeding and
may delay hemodynamic stabilization; may lead to acidosis,
hypoglycemia, hypoxemia, increased PVR; and may induce
shivering. Active rewarming is achieved with warming
devices. Infants have a higher loss of heat via conduction,
convection, radiation, and evaporation and may be slow to
rewarm despite efforts to reestablish normothermia while
weaning off CPB.
Establishment of a neutral thermal environment (NTE) is
key to postoperative thermal regulation. Newborns and
small infants are cared for in an infant warmer bed using a
servocontrol mechanism. Postoperative assessment includes
measurement of core temperature and the differential
between core and peripheral temperatures, as well as
assessment of the extremities for coolness and capillary
refill. When cool extremities are noted with an elevated core
temperature, low cardiac output is suspected (tbis results
from redistribution of the cardiac output away from the
extremities). Conversely, loss of temperature regulation can
result in heat retention and a high core temperature.
Capillary refill is expected to be brisk when the cardiac
surgery patient has been rewarn1ed and hemodynamic
stability is achieved. In the newborn, normal refill may take
3 to 5 seconds owing to peripheral vascular adaptation.
Refill time longer than 5 seconds is abnormal and reflects
diminished peripheral perfusion.
Feeding and Nutrition. Generally, oral feedings are
begun as soon as possible. Some patients (mechanically
ventilated, infants who are poor feeders) may require
nasogastric or nasojejunal feedings. In patients who have
had straightforward cardiac repairs and are recovering well,
feedings can be rapidly advanced. Exceptions may include
newborns with umbilical artery catheters or those who had
limited gut perfusion preoperatively because of the association between necrotizing enterocolitis (NEC) and feeding.
Patients having repair of coarctation of the aorta are not fed
until hypertension is controlled and bowel sounds are active
to prevent reactive mesenteric enteritis and its complications. Nasogastric or transpyloric feedings are considered
early for patients unable to resume oral intake within 48 to
72 hours of surgery. Because of its expense, parenteral
nutrition is considered only if the gastrointestinal tract
cannot be used for an extended period postoperatively.
Newborns may require as much as 120 to 150 calories/kg/
day for weight gain. Older infants and children are likely to
have a similar increase in nutritional requirements.

Wound Care. Following cardiac operations, the surgical incision is generally covered with a dry sterile
dressing, separated from the chest tube and intracardiac
lines. After lines and chest tubes are removed, at approximately 24 to 48 hours, the dressing is usually removed, and
the incision is left uncovered.
A standard technique for wound care has not been
established for patients in whom sternal closure is delayed.
Maintenance of sterility and protecting the patient from
infection are priorities. A nonpermeable patch (Silastic,
Gore-Tex, bovine pericardium) is generally sutured to the
wound edges and then covered with a dressing. The site is
assessed continuously for fluid accumulation that can lead to
tamponade. The most common signs are fullness and
bulging of the membrane. Immediate evacuation of the
incision is indicated if this occurs. When the sternum is left
open, the water seal chamber of the chest tube collection
chamber should bubble, and the patient is kept sedated and
possibly chemically paralyzed.
Infection Prophylaxis. Most patients receive prophylactic antibiotics before surgery and in the immediate
perioperative period. When to terminate these antibiotics is
dependent on the individual center and is often open to
debate. Antibiotics given during the perioperative period can
decrease the risk of infectious complications, including
catheter sepsis, pneumonitis, urinary tract infection, and
mediastinitis. Unfortunately the increased use of broadspectrum antibiotics has encouraged the development of
multiple resistant organisms and fungi. Therefore the use of
empiric antibiotics should be carefully evaluated. Once all
invasive catheters and tubes have been removed, antibiotics
should be discontinued unless they are being given for a
documented or suspected infection.
Central Nervous System Assessment. Neurologic
complications after cardiac operations may be the consequence of cerebral ischemia, hypoxia, electrol yte imbalances, metabolic acidosis, hypoglycemia, or cerebral
emboli. Seizures are the most common neurologic complication. Hypoglycemia, hypocalcemia, and hypomagnesemia
are causes for seizures in infants, and therefore levels should
be monitored and replacement given as indicated. Anticonvulsants are administered as indicated for seizure control, and these may need to be continued for some months
after surgery.
Pain Management. An essential component of patient management after congenital heart surgery is the
maintenance of adequate analgesia and sedation to provide
comfort. Often a combination of drugs, such as opioids and
benzodiazepines, are used, thereby keeping total drug dose
to a minimum. Analgesia requirements for young children
can be difficult to assess, particularly when they are
paralyzed and supported on a ventilator. Increases in blood
pressure and heart rate and decrease in arterial oxygen
saturation are measures of inadequate anxiety and pain
control in critically ill infants and children, although these
physiologic changes may also be caused by a number of
other clinical conditions, including seizures.
Other approaches to postoperative analgesia are common, although intravenous narcotic analgesics are employed
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in most settings for at least 24 to 48 hours postoperatively.
Other interventions include local nerve blockade with
pleural catheters and epidural administration of narcotics.
The additional around-the-clock administration of acetaminophen (Tylenol) or nonsteroidal antiinflammatory drugs
(NSAlDs) is useful in augmenting pain control when given
concurrently with narcotics. 68

ACQUIRED HEART DISEASE IN INFANTS
AND CHILDREN
Acquired heart disease in pediatric patients includes a group
of diseases, sometimes of unknown cause, in which the
central feature is involvement of the heart muscle itself. An
exception is Kawasaki disease, in which the coronary
arteries are primarily involved. Idiopathic cardiomyopathy
is the term used to describe diseases involving the heart
muscle that are of unknown cause. These myocardial
diseases in infants and children are not the consequence of
ischemic, hypertensive, congenital, valvular, or pericardial
disease.6() Specific heart muscle diseases (also called secondary cardiomyopathy) have a known cause and include
myocarditis, hypertension, and tachyarrhythmias. Although
less common than CHDs, acquired heart disease in infants
and children can lead to significant cardiac dysfunction,
morbidity, and mortality.

Acute Myocarditis
Myocarditis is a generalized myocardial inflammation
characterized histologically by lymphocytic infihration
and myocardial necrosis. Myocarditis may result in impaired cardiac function that may be subclinical or asymptomatic. If the inflammation is severe, it can result in
critical sequelae, including CHF, arrhythmias, and possibly
death.
Etiology. Virtually any infectious agent can produce
cardiac inflammation. Myocarditis has been described
during and following a wide variety of viral, bacterial,
rickettsial, fungal, and protozoan infections. The most
common etiologic agents in North. America are viruses,
specifically Coxsackie and other enteroviruses. In addition
to infectious agents, drugs (doxorubicin [Adriamycin],
cocaine), chemicals (carbon monoxide), hypersensitivity
reactions, autoimmune diseases and vasculitis, or Kawasaki
disease may cause myocardial inflammation.
Incidence. Myocarditis has been documented in 25%
of pediatric autopsies. 69 •7o However, only 0.3% of patients
seen by pediatric cardiologists have clinically significant
evidence of myocarditis 71 A large percentage of asymptomatic or subclinical cases accounts for the discrepancy
between the autopsy findings and clinical incidence.
The incidence of myocarditis is highest in children
younger than I year of age. Between 5% and 12% of
children infected with either influenza viruses or Coxsackie
virus develop clinical myocarditis. Forty percent of older
children with infectious mononucleosis have myocardial
involvement that is most often subclinical 71 With the
advent of polymerase chain reaction (PCR), compared with
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enteroviruses, adenovirus has been identified more often as
a causati ve agent. 72
Pathogenesis. Infectious agents produce myocardial
damage by direct invasion of the myocardium, production of
a myocardial toxin, or immune-mediated inflammation of
the myocardium. Viruses injure myocardial tissue by direct
destruction of the myofibrils and by cytotoxic T cell
destruction of myocytes. Strong evidence shows that in viral
myocarditis, a cell-mediated immunologic reaction is a
principal mechanism of cardiac involvement. Adjacent cells
may be destroyed by complement-mediated antibody action.
The time between the onset of inflammation and the
initial clinical manifestations of disease varies. Generally
within a week of infection, myocardial necrosis develops.
However, the subsequent inflammatory and autoimmune
response to viral infection becomes the primary mediator of
clinical disease. Cellular immunity (T lymphocytes, macrophages), humoral immunity (antibodies), and cytokines
(tumor necrosis factor, interieukins) are responsible for
myocardial and coronary vascular injury. Vascular endothelial injury leads to vascular permeability with subsequent
myocardial edema, increased ventricular wall thickness, and
decreased ventricular function 73
Clinical Manifestations. The clinical presentation of
patients with myocarditis ranges from those who are
asymptomatic to those with severe cardiac dysfunction
progressing rapidly to fulminant CHF and death. Typically,
newborns and young infants manifest a sudden onset of
symptoms with rapid progression to critical illness.
Young patients with myocarditis present with lethargy,
fever, and tachycardia. Respiratory distress, cyanosis, and
vomiting may also occur. Older children present with fever,
malaise, myalgia, gastroenteritis, pharyngitis, and meningitis but generally do not appear as ill as infants. In addition
to tachycardia out of proportion to the fever, the cardiovascular examination reveals poor peripheral perfusion, thready
pulses, cool extremities, and pallor. The heart sounds may
be muffled if a pericardia] effusion is present. With severe
cardiac dysfunction, a gallop rhythm and a high-frequency,
hoiosystolic (loudest at the apex) murmur of mitral regurgitation may be auscultated.
Diagnosis. Many laboratory studies are indicated
when myocarditis is suspected. Typically, patients with
myocarditis have an elevated white blood cell count without
a left shift, elevated erythrocyte sedimentation rate (ESR),
abnormal liver function tests, and elevation of lactate
dehydrogenase (LDH) isoenzyme 1, creatine phosphokinase
(CPK) MB fraction, and troponin I. Of note is that
myocarditis can still be present with a normal ESR.
Bacterial infection is ruled out by blood culture. The
nasopharynx and stool are cultured for viral isolation.
Because viral cultures and convalescent viral titers may be
nonspecific for determining the cause, PCR is used to
amplify specific viral genomes through quantitation of
specific viral RNA (if it is present in the tissue). PCR is more
specific than culture for the amplification and identification
of the specific causative virus 74
Chest radiographs may demonstrate cardiomegaly. Pulmonary venous markings are increased when heart failure is
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present. The ECG can reveal life-threatening cardiac rhythm
disturbances that often accompany myocarditis. The classic
electrocardiographic changes for myocarditis are lowvoltage QRS, low or inverted T waves, and decreased or
absent Q waves in V5 and V6' Echocardiography is used to
evaluate cardiac function and detect the presence of a
pericardial effusion. Most often the left ventricle is dilated,
with increased left ventricular dimensions at end systole and
end diastole. Global myocardial depression or wall motion
abnormalities of the left ventricular free wall may be noted.
Historically the definitive diagnosis of myocarditis was
made by myocardial biopsy, the gold standard, which
demonstrates myocyte necrosis or degeneration associated
with inflammatory infiltration,72.75 the so-called Dallas
criteria. The Dallas criteria define the characteristics
of myocarditis from histologic examination of endomyocardial biopsy tissue obtained by cardiac catheterization
(Fig. 18-29) and permit accurate diagnosis and systematic
investigation of myocarditis. In addition, myocardial tissue
can be can be sent for PCR analysis to determine viral
etiology.
Unfortunately, the focal and patchy nature of myocarditis, as well as the small size of tissue samples obtained at
biopsy, makes it difficult to obtain a definitive diagnosis in
many cases, and false-negative results can occur. Therefore
the absence of a positive biopsy result does not rule out
myocarditis, and treatment is based on clinical symptoms
and other diagnostic findings.
Critical Care Management. Management of infants
and children with myocarditis remains supporti ve rather
than specifically aimed at a causative organism. Ensuring
bed rest during the acute phase (7 to 14 days) is often

recommended to decrease demands on the heart. In addition,
animal studies also suggest that bed rest during the acute
phase of myocarditis decreases viral replication and improve outcomes. 76 Administration of supplemental oxygen
or mechanical ventilation may be often necessary to
maintain adequate oxygen delivery in the face of CHF.
Because the potential for complete recovery of myocardial
function exists even in critically ill patients with myocarditis, treatment of cardiac dysfunction is aggressive.
Anticongestive Therapy. The overall goal of treatment in patients with myocarditis is to increase cardiac
output. In the critically ill patient, early and aggressive
therapy is instituted, usually combining inotropic and
afterload-reducing agents. Treatment includes single or
combination drug therapy with dobutamine, dopamine,
milrinone, amrinone, nitrovasodilators, or ACEIs. Dobutamine serves as an inotrope and is especially effective in
patients with refractory CHF. Milrinone and amrinone have
both inotropic and vasodilating properties that serve to
decrease ventricular work. Diuretic therapy is prescribed to
reduce volume load. (See Chapter 7 for an in-depth
discussion on vasoactive and diuretic medications.) The
goal of fluid balance is to provide adequate hydration to
preserve preload and provide adequate ventricular filling
pressures without fluid overload.
ACEIs provide afterload reduction by interfering with the
formation of angiotensin II (a strong vasoconstrictor). In
controlled studies, the use of ACEIs, such as captopril and
enalapril, has been effective in slowing the course of heart
failure, decreasing symptoms, and potentially prolonging
survival in patients with mild to severe left ventricular
dysfunction. 77 .78

Fig. 18-29 Myocardial tissue showing focal, interstitial, lymphocytic infiltrate, and myocyte degeneration. Degenerating myocytes show closely apposed lymphocytes around it and attached to the membrane.
(From Baker A: Acquired heart disease in infants and children, CriT Care Nars Clill NorTh Am 6: 183, 1994.)
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Some patients who recover from severe cardiac dysfunction require long-term oral anticongestive therapy. Digoxin,
furosemide, and an ACEI are commonly employed. Some
clinicians avoid administering digoxin during the acute
phase of illness because of suggested increased digoxin
toxicity in the inflamed myocardium. 73
Arrhythmia Management. With myocardial dysfunction, cardiac rhythm disturbances can be life threatening, and aggressive therapy is warranted. Supraventricular
tachycardia (SVT), ventricular ectopy, and heart block can
develop in a subset of patients with myocarditis. Tachyarrhythmias are controlled to help prevent further deterioration of ventricular function. Antiarrhythmic agents are
used to control symptomatic SVT, ventricular tachycardia,
and premature ventricular contractions. The possibility of
any negative inotropic or proarrhythrnic effects should be
considered when choosing an antiarrhythmic agent. If
second- or third-degree AV block develops, a temporary
transvenous or epicardial AV sequential pacemaker may
be used. Persistence of complete heart block beyond
2 weeks is an indication for elective placement of a
permanent pacemaker71 .79
Anticoagulation. Although controversial, anticoagulation therapy is used by some clinicians in patients with the
potential for thrombus formation as a result of severely
compromised ventricular function and stasis of blood flow.
Systemic mural thrombi can potentially embolize to the
cerebrovascular system, causing neurologic sequelae.
Coagulation parameters are followed closely, and therapy
is adjusted to maintain an adequate anticoagulatory state.
Because of the possibility of cerebral emboli, neurologic
status is monitored closely, and changes in the patient's
mentation or responsiveness are evaluated immediately.
Signs and symptoms of pulmonary emboli, which include
acute onset of shortness of breath, tachycardia, hypoxemia,
and chest pain, are assessed. The risk of systemic emboli is
also present and may manifest as a change in color,
temperature, or perfusion of an extremity.
Antiinflammatory Treatment. Suppression of inflammatory mediators may help limit the severity of illness
and shorten the clinical course. Unfortunately, no clinical
regimen consistently ameliorates the acute phase of illness.
Use of antiinflammatory agents, such as prednisone, azathioprine, and cyclosporin, is controversiaL 73 .Ro Initial animal
studies suggested a poorer outcome when steroids are
administered early in the course of illness (during viral
replication), suggesting that immunosuppression may enhance myocardial damage during this period. Subsequent
human studies have suggested a benefit, but the studies were
nonrandomized and are difficult to interpret because 45% to
50% of patients with myocarditis improve spontaneously. HI
The timing of this intervention accounts for the difference
in outcome, so consideration should be given to delaying antiinflammatory treatment until the phase of lymphocytic infiltration and myocardial necrosis is decreased. 82 . 83
NSAIDs have been associated with worsening of myocardial damage and increased mortality.73
Intravenous immune globulin ([VIO) has been reported
to have beneficial effect in patients with myocarditis. Left
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ventricular function improved and mortality decreased at I
year following presentation in patients treated with high
dose (2 g/kg) IVI0 84 . 85 Although the specific mechanism of
active is unknown, IVIO may interfere with the humoral
immunity and autoantibodies responsible for myocardial
cell damage. Associated side effects of IVIO are headaches,
chills, and malaise.
Other Therapies. Antiviral agents, immunomodulatory agent~, and antilymphocytic monoclonal antibodies are
all currently under investigation for treatment of myocarditis. Unfortunately, many of these agents work best immediately following viral inoculation, making clinical application difficult. Interferon and monoclonal antibody to the
infectious agent would provide specific effect and are under
investigation in animal models.
Mechanical Assist Devices and Extracorporeal
Support. If conventional therapy is unsuccessful, other
means of support may be attempted. Chang and coworkers 86 reported the successful use of a left ventricular
assist device in a patient with acute myocarditis. The use of
intraaortic balloon pump and ECMO has been reported in
patients who do not respond to conventional therapy;
however, experience is limited. If cardiac function fails to
improve, cardiac transplantation may be considered.
Preventing Complications. As is the case with any
critically ill patient, the high potential for nosocomial
infection is an important consideration. Multiple venous and
arterial lines are required for the infusion of cardioactive
drugs and continuous hemodynamic monitoring. Protecting
patients from infection and vigilant assessment for early
signs of localized or systemic infection are both important.
Decreased tissue perfusion in the acutely ill patient in
combination with immobility increases the potential for
ischemia and skin breakdown. Skin integrity is an important
concern. Attention is directed toward alleviating pressure,
repositioning to whatever extent is possible on a regular
basis, and employing methods to prevent skin breakdown.
Attention to the patient's nutritional requirements is
crucial to promote healing and to provide a positive nitrogen
balance. Because the acutely ill patient is usually not able to
take food orally, adequate nutrition must be provided
intravenously or enterally (nasogastric or nasojejunal).
Nutrition should be instituted early in the course of illness to
fulfill caloric requirements.

Kawasaki Disease
Kawasaki disease is an acute systemic vasculitis that was
first described in Japan in 1967. The acute illness itself is
self-limiting, but 15% to 25% of untreated children with
Kawasaki disease suffer damage to the coronary arteries,
resulting in dilation or aneurysm formation 87 Although
damage can occur in any medium-sized muscular artery, the
vessels most often affected are the coronary arteries, making
Kawasaki disease the leading cause of acquired heart
disease in children in the United States.
Etiology. The cause of Kawasaki disease is unknown.
An infectious agent is suggested for a number of reasons.
First, it is almost exclusively a pediatric disorder, suggesting
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the development of passive immunity by adulthood. Geographic outbreaks occur with an increase in the number of
cases in the late winter and early spring. Lastly, many
clinical similarities to other infectious diseases (i.e., scarlet
fever, adenovirus) are seen. However, there is no evidence
of spread from person to person. In the absence of a known
agent, several researchers have begun to explore the
possibility that the inflammation in Kawasaki disease may
represent a "final common pathway" and that one agent
may not be responsible. Epidemiologic studies have found
associations between the occurrence of Kawasaki disease
and recent exposure to carpet cleaning and residence near a
body of stagnant water; however, these data are weak, and
definitive cause and effect have not been established.
Kawasaki disease is reported more often among children
from higher socioeconomic groups and in those of Asian
descent.
Incidence. The first cases of Kawasaki disease in the
United States were described in the early 1970s. Although
Japanese children have the highest incidence of this illness,
Kawasaki disease occurs in all races. African Americans
have the second highest rate of occurrence; Caucasian
children follow. Eighty percent of cases occur in children
under age 5, with the greatest incidence in the toddler age
group (1- to 2-year-olds).88 Infants often present in an
atypical fashion, without fulfilling diagnostic criteria; however, this age group (especially infant males) has the highest
risk for the development of severe coronary artery disease.
Recent research has also documented a higher incidence of
coronary artery aneurysms in children older than 6 years of
age 89 Males are affected more often than females (1.5: 1).
The actual incidence of Kawasaki disease in this country is
not known because reporting to the Centers for Disease
Control and Prevention (CDC) is accomplished via a
voluntary, passive surveillance system.
Pathogenesis. The overall mortality in Kawasaki
disease is 0.3%, with almost all deaths related to the cardiac
sequelae. 90 Kawasaki disease causes diffuse acute vasculitis
of medium-sized arteries and small arterioles and venules
throughout the body, with a predilection for the coronary
arteries. The involvement of small peripheral blood vessels
is evidenced in the inflammatory signs and symptoms that
characterize this illness. During the initial acute phase,
inflammation of the small arteries and venules is evident.
Inflammation then progresses to involve the medium-sized
muscular arteries, including the coronary arteries, with the
potential development of coronary artery aneurysm. The
inflammatory process is an immune-mediated response in
which the T cells and macrophages produce inflammatory
cytokines that infiltrate the coronary arteries and myocardium. During the acute phase, there is often evidence of
pericarditis, myocarditis, and valvulitis. Enlargement (ectasia) of the coronary arteries can be seen by echocardiogram
as early as day 7 after the onset of fever. Affected vessels
may continue to enlarge for some time, reaching their
maximum dimension at approximately 28 days from the
onset of fever. In dilated vessels, the potential for thrombus
exists. Over time, affected vessels heal by the process of
myointimal proliferation, which can result in stenosis,
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~ CDC Criteria for Diagnosis
. of Kawasaki Disease

Fever >5 days unresponsive to antibiotics and at least four of
the five following physical findings with no other more
reasonable explanation for the observed clinical findings:
1. Bilateral conjunctival injection
2. Oral mucosal changes (erythema of lips or oropharynx,
strawberry tongue, or drying or fissuring of the lips)
3. Peripheral extremity changes (edema, erythema, or generalized or periungual desquamation)
4. Rash
5. Cervical lymphadenopathy >1.5 em in diameter
From Centers for Disease Control: Kawasaki disease-New York, MMWR
29:61-63. 1980.

especially at the distal ends of aneurysms. The myocardium
is involved directly in almost all cases, with myocellular
hypertrophy, degeneration of myocytes, and endocardial
changes that lead to myocarditis and decreased ventricular
function. Myocardial dysfunction is subclinical in most
patients.
Clinical Manifestations. A definitive diagnostic test
for Kawasaki disease does not exist. Rather, the diagnosis is
based on the presence of certain clinical criteria developed
by Dr. Kawasaki and outlined by the CDC (Box 18-3). The
presence of prolonged fever plus four of the five diagnostic
criteria, without evidence of another known disease, is
required to meet diagnostic criteria. The conjunctivitis in
Kawasaki disease is bilateral nonexudati ve with limbal
sparing. The lips and oropharynx are red. The filiform
papillae of the tongue slough off, creating the classic
"strawberry tongue." The hands may be edematous and red
in this phase. The rash of Kawasaki disease is never
vesicular or bullous. It is accentuated in the groin in 50% of
cases and often is accompanied by local desquamation of
this area. 91 The lymphadenopathy is nonsuppurative, with
one node at least 1.5 cm or larger in the anterior cervical
chain. In addition to these symptoms, a number of associated clinical and laboratory findings are often present and
support the diagnosis (Box 18-4). Irritability is often
extreme and may persist over the entire course of the illness.
Analysis of cerebrospinal fluid may demonstrate mild
aseptic meningitis. Arthritis occurs in one third of patients,
usually affecting the small joints initially with progression
to the large weight-bearing joints. Diarrhea, nausea, and
vomiting are not uncommon. Hydrops of the gallbladder and
abdominal pain may also be present. The diagnostic criteria
should be viewed only as a guideline because some children
develop aneurysms without meeting diagnostic criteria
(atypical Kawasaki disease). Atypical disease is especially
common in infants who often present symptoms with subtle
or incomplete findings.
Kawasaki disease is an acute, self-limiting illness.
Complete resolution of clinical symptoms and return of
laboratory results to normal often require 6 to 8 weeks. The
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Box 18-4

Associated Clinical and laboratory Findings
in Kawasaki Disease

Elevated sedimentation rate (resolves 6-8 weeks after the
onset of fever)
Leukocytosis with a left shift
Aseptic meningitis
Urethritis with sterile pyuria: microscopic examination
reveals mononuclear cells
Elevated liver transaminases: commonly 2-3 times normal
Thrombocytosis: peaking 3-4 weeks after onset
Hydrops of the gallbladder, right upper quadrant abdominal
pain
Anemia that persists until the resolution of inflammation
Irritability (can last for 6-8 weeks)
Diarrhea and vomiting

course of the illness can be divided into three stages: acute,
subacute, and convalescent phases.
The acute phase begins with the abrupt onset of fever,
which lasts for at least 5 days (average of I I days without
treatment). Over the first week, the diagnostic findings
become evident. All of the clinical features may not be
present at the same time, making the diagnosis challenging.
Small joint arthritis is seen in approximately one third of
patients. Echocardiography is performed at the time of
diagnosis to evaluate cardiac function and establish a
baseline for evaluation of coronary artery size and shape.
Mild to moderate CHF from myocarditis, left ventricular
dysfunction, and pericardial effusion may be detected.
Although unusual, cardiac rhythm disturbances may occur,
including first- or second-degree AV block, prolonged QT
interval, abnormal ST segment and T wave, and low R wave
amplitude.
The subacute phase begins with resolution of fever,
although multisystem involvement is still evident. During
this stage the characteristic periungual desquamation occurs
(peeling of the skin of the palms and soles beginning under
the fingertips and toes). Arthritis, if present, generally
affects the larger weight-bearing joints in this phase.
Laboratory studies reveal a hypercoagulable state with
significant thrombocytosis. The sedimentation rate continues to be elevated, and a normocytic, normochromic anemia
is common. In those patients who develop coronary artery
abnormalities, dilation or aneurysms become evident by
echocardiogram in this phase.
The third stage is a convalescent phase, during which
the child continues to recover and laboratory values return to
normal. Unfortunately (if untreated), although the child
seems clinically improved, coronary aneurysms may continue to enlarge during this stage, reaching their maximum dimension approximately 28 days from the onset of
illness.
Cardiac Findings. During the acute phase of illness,
at least some degree of myocarditis is present in all children
with Kawasaki disease, as demonstrated by both biopsy and
autopsy findings. 92 The majority of cases are subclinical;
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however, severe cases can result in CHF and cardiogenic
shock. Physical examination often reveals tachycardia and a
gallop rhythm during the acute phase (often out of
proportion to the degree of fever). Echocardiography can
reveal decreased left ventricular contractility in the acute
phase. This condition may persist for several months and is
improved by treatment with IVlG 93
In the acute phase, the most common ECG changes
include a prolonged PR interval and nonspecific ST and T
wave changes. The arrhythmias seen in the acute phase of
Kawasaki disease are not usually life threatening and are
consistent with myocarditis. Later, abnormal ECGs may
reflect myocardial infarction or ischemia in the most
severely affected patients.
Valvulitis can occur in the acute phase. Mitral regurgitation is sometimes present and is thought to be the result of
myocarditis in the acute stage or myocardial ischemia later.
Late-onset aortic regurgitation sometimes requiring valve
replacement is a late, rare finding. 94
The most important sequelae from Kawasaki disease are
coronary artery aneurysms. Of untreated children, 15% to
25% develop damage to the coronary arteries, resulting in
ectasia (dilation) or aneurysm formation of one or more
vessels. Duration of fever is the strongest predictor of
aneurysm formation: the longer the fever persists, the
greater the risk of the development of coronary aneurysms.69.95.96 Aneurysm formation and healing (regression)
is a dynamic process. In the acute phase of the illness,
inflammation of the coronary arteries causes weakness in
the vessel wall. Over the course of subsequent weeks, the
damaged vessel increases in diameter, resulting in ectasia or
aneurysm formation. The Japanese Ministry of Health
defines an aneurysm as an internal lumen diameter greater
than 3 mm in a child younger than 5 years of age or greater
than 4 mID in a child of age 5 years or older. In addition, any
segment that is 1.5 times larger than an adjacent segment is
considered abnormal, as is a vessel with an obviously
irregular lumen. These criteria are based on age and do not
take into account the differences in body size of individual
patients. Recent data show that body surface area (BSA)adjusted z-scores (standard deviations from the average) in
patients with Kawasaki disease were actually larger than
expected, even in patients with coronary arteries that would
be classified as nornlal by the Japanese criteria. 97
Coronary artery abnormalities are not often evident until
the second week after the onset of fever; however, they have
been detected as early as day 7 of illness. The affected
vessels can continue to enlarge through the fourth week of
illness, at which time their maximum dimension is generally
reached. Echocardiography is highly sensitive for detection
of enlargement of aneurysms in the proximal coronary
arteries.
Thrombocytosis occurs during the subacute phase of
illness, with platelet counts that can approach I million.
Sluggish blood flow through enlarged coronary vessels, in
combination with an elevated platelet count, increases the
risk of thrombosis in patients with aneurysms and places
these children at risk for the development of thrombus with
subsequent myocardial ischemia or infarction. At greatest
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Fig. 18-30 Right coronary arteriogram demonstmting giant
proximal aneurysm and smaller distal one.

risk for clot development are those with "giant aneurysms,"
which measure more than 8 mm in diameter (Fig. 18-30).
Over time, regression of aneurysms can occur. The
majority of healing occurs during the first year or two after
the onset of illness. In 50% to 66% of cases, the internal
lumen diameter of aneurysmal vessels actually returns to its
normal size by a process of myointimal proliferation. The
amount of healing or regression in an individual patient is
most closely related to the extent of damage. The larger the
aneurysm, the less likely it is to return to its normal size.
Regardless of the internal diameter of the coronary artery,
affected vessel walls are not truly "normal" in terms of
either histology or reactivity to coronary vasodilators
because of thickening and calcification that occurs in the
process of healing. 91 •98 These vessels may be at greater risk
of developing premature atherosclerotic disease. Although
less common, aneurysms may occur in other arteries, most
commonly the axillary (often palpable), subclavian, brachial, iliac, or femoral vessels and sometimes in the
abdominal aona and renal arteries. 99 These areas are
generally affected only in patients who also have significant
coronary aneurysms.
Over years, stenotic areas may develop in affected
coronary arteries, occurring most commonly at either the
proximal or distal end of aneurysms as the vessel walls heal
inward. The incidence of stenosis increases over the
lifespan, especially in patients with giant aneurysms. As a
consequence of progressive stenosis, blood flow to the
myocardium may be impeded or occluded. If adequate
collateral circulation has not developed, myocardial ischemia or infarction may result. Stenoses are not easily
detectable by echocardiogram, so patients must be carefully
monitored over time to detect myocardial ischemia by stress
testing, myocardial perfusion scans, and ECG. Cardiac
catheterization accurately detects stenotic areas and is
generally performed a year after the onset of illness or at

any time that noninvasive testing suggests signs of myocardial ischemia.
Management. The majority of patients with Kawasaki disease do not require critical care. Typically, a 1- or
2-day admission is necessary during the acute phase for
monitoring and providing IVIG. Those with acute ventricular dysfunction and symptoms of myocardial ischemia or
infarction and those who require systemic heparinization or
thrombolytic therapy also require close monitoring.
y-Globulin Therapy. The use of IVIG shortens the
acute phase of Kawasaki disease and decreases the risk of
coronary damage. loo This treatment is currently the standard
of care in Kawasaki disease. The recommended dose of
IVIG is 2 g/kg given intravenously in a single infusion over
8 to 12 hours. 101 In an National Institutes of Health funded,
multicenter study, y-globulin was shown to decrease the
incidence of aneurysms threefold to fivefold when given
within the first 10 days of illness. lOo For best outcomes,
IVIG should ideally be given within the first 10 days of
illness. However, it should be administered after this time to
any child diagnosed late with persistent fever, aneurysms, or
signs or symptoms of ongoing inflammation. Retreatment
with IVIG is given to patients who have persistent or
recrudescent fever 48 to 72 hours after the administration
of IVIG. 102
Careful cardiac monitoring is necessary during the
administration of y-globulin. Approximately 40 ml/kg of
fluid is administered with the y-globulin over an 8- to
I2-hour period. Patients with myocardial dysfunction can
experience acute CHF. Many centers administer diphenhydramine (Benadryl) before the infusion of IVIG to decrease
the risk of a reaction to this product.
Aspirin Therapy. Historically, aspirin has been given
as pan of the treatment for Kawasaki disease in both
antiinflammatory and antiplatelet doses. In prospective
studies, the administration of aspirin has never been shown
to have an effect on whether a patient develops aneurysms.
High doses of aspirin (20 to 25 mg/kg/dose every 6 hours)
are used initially for their antiinflammatory effect. When the
patient has been afebrile for 2 to 3 days, the dose is
decreased to an "antiplatelet" dose (3 to 5 mg/kg/day).
Low-dose aspirin is continued through the convalescent
phase and then discontinued in patients without coronary
involvement.
Antithrombotic Therapy in Patients With Aneurysms. Children with coronary aneurysms require longterm antithrombotic therapy. The potential for thrombosis of
the coronary arteries is actually greatest after the acute phase
when thrombocytosis occurs along with ongoing vasculitis,
creating a hypercoagulable state. This is especially true in
patients with rapidly increasing coronary artery dimensions
or with giant aneurysms. Aspirin therapy remains the most
common therapy for the majority of these patients. Dipyridamole (Persantine) is sometimes added at a dose of 3 to 6
mg/kg/day in three doses in patients, although its efficacy in
these situations has never been documented.
If "giant" aneurysms are diagnosed, systemic heparin
therapy is often instituted. especially in patients in whom the
aneurysms are rapidly increasing in size. When an adequate
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anticoagulation state is reached, oral warfarin (Coumadin) is
substituted and administered in addition to aspirin, maintaining an international normalized ratio (INR) in the 2.0 to
2.5 range. This is the most common regimen for patients
with giant aneurysms. Low-molecular-weight heparin is
occasionally used instead of warfarin; however, this treatment requires twice daily injections. Experience with newer
inhibitors of platelet aggregation, such as c1opidogrel and
ticlopidine, is very limited in pediatrics. The risks and
potential benefits of various anticoagulation regimens are
considered on an individual basis. 103
Patients taking chronic aspirin therapy should receive
yearly influenza vaccines. Other therapies should be substituted if the child develops influenza or varicella infection
because of the risk of Reye's syndrome. In addition, because
the varicella vaccine is a live vaccine, aspirin should be
substituted with another regimen for 6 weeks after recei ving
this vaccine.
Thrombolytic Therapy. Clots may occur even with
antithrombotic therapy, especially in patients with giant
aneurysms causing blood flow in the area of the aneurysm to
be very sluggish. Thrombolytic therapy is considered if clot
formation is detected, through either signs or symptoms of
myocardial ischemia or infarction or by echocardiography.
Because no large clinical trials have been conducted in
children, the use of thrombolytic agents is based on studies
in adults with coronary thrombosis. Urokinase and streptokinase have both been used to restore vessel patency. 104· 106
The earlier thrombolytic therapy is instituted after clot
formation or the onset of ischemic symptoms, the greater is
its efficacy. The adjunct use of other therapies such an
antagonists to glycoprotein Ilb-I1Ia receptor (i.e. Abciximab) have been encouraging in adults and small pediatric
studies; however, further data are required to determine
safety and efficacy in the pediatric population. 107 If reperfusion is achieved, systemic heparin therapy and aspirin are
administered to maintain vessel patency, followed by oral
antithrombotic regimens. Close assessment of laboratory
measures of coagulation and cardiac function is a priority in
these patients.
Anticongestive Therapy. CHF in patients with Kawasaki disease is most often a consequence of ischemic
cardiomyopathy, although it may occur acutely in patients
with marked myocarditis. In those rare patients, intravenous
inotropes and afterload reduction may be necessary. More
often, patients with CHF from ischemic disease and
coronary insufficiency require therapy with oral digoxin,
diuretics, ~-blockers, or ACEIs.
Surgical Intervention. Coronary bypass surgery, although technically difficult with small vessels, has been
performed in children with severe coronary artery disease.
The indications for bypass surgery in children are not well
established; however, surgery may be indicated if (I) coronary stenosis or occlusion is progressive, (2) collateral blood
supply is not adequate, (3) the portion of myocardium to be
perfused via the graft is still viable, and (4) the vessel
proximal to the planned graft site is healthy.99 In addition to
the technical difficulty of coronary artery bypass surgery in
pediatric patients, children often develop collateral circula-
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tion around a coronary occlusion over time. Because grafts
need to remain patent for many decades, surgery is usually
recommended only for those with life-threatening vascular
disease.
Coronary bypass surgery is contraindicated in patients
with acutely inflamed or excessively small coronary vessels.
Coronary artery anatomy in some also precludes bypass
operation. In adclition, the disease may damage the internal
mammary arteries (most often used as graft vessels in
children).
Interventional Cardiac Catheterization Techniques. Over the past decade, significant advances have
been made in catheterization interventions in patients with
Kawasaki disease. Percutaneous transluminal coronary angioplasty (PTCA) has been performed in children with
coronary artery stenosis with varying success. PTCA is a
more difficult technique in patients with Kawasaki disease
than in adults with coronary artery disease mainly because
the areas of stenosis are often very stiff and calcified. The
balloon pressures necessary to dilate these areas can
predispose the patient to late aneurysm formation. Rotational ablation techniques and stent placement have also
been used in this population. 108
Cardiac Transplantation. Cardiac transplantation
has been performed in a small number of patients with
Kawasaki disease. 109 This operation is obviously a last
resort for patients with severe ischemia and is only used in
situations in which surgery or catheter intervention is
not possible.

Cardiomyopathy
Cardiomyopathy is a disease of the heart muscle itself.
Cardiomyopathy may be idiopathic, primary (i.e., of unknown cause), or secondary to a known cause or systemic
disease that affects the heart muscle. Cardiomyopathy is
further classified into the following three types:
I. Dilated, characterized by ventricular dilation, systolic
(contractile) dysfunction, and signs and symptoms
ofCHF
2. Hypertrophic, usually with preserved or enhanced
contractile performance and diastolic dysfunction
(compliance)
3. Restrictive, marked by impaired diastolic filling
(Fig. 18-31)

Because of overlap, the distinction between one category
and the next is not absolute. The basic characteristics of each
type are outlined in Table 18-9. Restrictive cardiomyopathy
is rare in children and is not considered in the sections
that follow.
Dilated Cardiomyopathy. Dilated cardiomyopathy
(DCM) is the most common cardiomyopathy in pediatric
patients (characterized by increased ventricular volume with
ventricular dilation). OCM results from a group of diverse
disorders that affect myocarclial contractile proteins, leading
to decreased contractility. OCM is characterized by systolic
dysfunction. Typically, the left ventricle (and sometimes the
right) is enlarged, thin walled, and poorly contractile.
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Fig. 18-31 Comparison of three morphologic types of cardiomyopathy. Ao, Aorta; LA. left atrium; LV, left ventricle. (Modified
from Roberts WC, Ferrans VJ: Pathologic anatomy of the
cardiomyopathies, HI/m Porhol 6:287, 1975. In Wyngaarden JB,
Smith LH, Bennett JC: Cecil textbook of medicine, ed 19,
Philadelphia, WB Saunders, 1991, p 332.)

Etiology. The etiology can be heterogeneous and
multifaceted. In the majority of patients, the cause of DCM
is unknown, although a link to myocarditis is often
presumed. Myocarditis that leads to the development of
OCM is an important factor. In some patients with
"primary" cardiomyopathy, retrospective evidence of a
postviral disorder includes inflammatory changes on endocardial biopsy, high antibody viral titers, and others. 6u In
addition, research evidence shows that patients with idiopathic cardiomyopathy have abnormalities of both cellular
and humoral immunity. Antimyocardial antibodies, cytotoxic T cells, suppressor T cells, and natural killer cells have
been identified in some studies. lIn Possibly a prior myocarditis incorporates viral components in cardiac cells, which
then serve as an antigenic source that directs the immune
system to attack the myocardium.
Up to 25% of patients with idiopathic OCM have a
familial form of the disease. 111 This condition can be caused
by autosomal dominant inheritance, with first-degree relatives having the highest risk for development of OCM. 112
Familial disorders such as neuromuscular disorders and
inborn errors of metabolism are associated with the development of OCM. Ouchenne and Becker muscular dystrophy
are the most commonly encountered neuromuscular disorders that develop cardiomyopathy. m The inborn errors of
metabolism include but are not limited to, glycogen storage
disease, fatty acid oxidative disorders, and mucopolysaccharidosis. Endocardial fibroelastosis can also cause OCM.

Cardiovascular structural disease, arrhythmias (incessant
tachycardia), coronary artery disease, Kawasaki disease, and
hypertension may lead to OCM. Secondary myocardial
disease results from systemic causes in which the primary
illness is extracardiac. OCM may result from nutritional
deficiencies, carnitine deficiency, obesity, radiation, malignancy, drug toxicity (alcohol, chemotherapy), and other
systemic infections and illnesses. Il3
Incidence. OCM is the most common form of cardiomyopathy. Reported annual incidence in the United States is
2 to 8 cases per 100,000. 114
Pathogenesis. The ventricles become dilated and thin
walled and the atria become enlarged. Ventricular hypertrophy is sometimes seen, but the thickness of the ventricular
wall is inadequate for the degree of dilation present. Poor
contractility permits stasis of blood, particularly in the
ventricular apex, thereby setting the stage for thrombus
formation.
Histologic features include fibrosis, myocyte hypertrophy, possible necrosis, and occasionally lymphocytes. Structural changes in the mitochondria have been found on
electron microscopy. Genetic analysis has discovered mutations in beta-myosin, troponin, and dystrophin-all important cardiac contractile proteins.
Many of these patients develop arrhythmias, particularly
ventricular arrhythmias. These can be a significant cause of
sudden death in this population. 1IS
Clinical Manifestations. Pediatric patients with
OCM may be asymptomatic for months, despite systolic
dysfunction and ventricular dilation. Many present with
signs and symptoms of CHF. A few children are not
identified as having OCM until severe ventricular dysfunction occurs and cardiogenic shock with low output is
present. Occasionally, ventricular ectopy or syncope may be
the presenting sign.
Physical examination may reveal pulmonary congestion,
a quiet precordium, a prominent S3 gallop, and hepatomegaly. If left ventricular dilation and dysfunction are severe,
the murmur of mitral regurgitation may be heard at the apex.
Diagnosis. Chest radiographs reveal marked cardiomegaly and pulmonary edema (Fig. 18-32). The ECG may
be normal or can show nonspecific ST-T wave abnormalities, atrial enlargement, left bundle branch block, ventricular
strain, QRS prolongation, or sinus tachycardia. An important aspect is that the presence of left bundle branch block
is an ominous sign. II6 Echocardiography shows enlargement of one or both ventricles and provides quantitative
analysis of ventricular function. Shortening and ejection
fractions are both decreased, and in some, regional wall
motion abnormalities are detected. Mural thrombi may be
evident by echocardiogram, especially in the left ventricular
apex and left atrial appendage.
Histologic examination and PCR of myocardial tissue obtained via cardiac catheterization ll ? aid further
in elucidation of the cause. Cardiac catheterization also
aids in determining hemodynamic measurements and cardiac output.
Urine tests for organic and amino acids may be useful in
diagnosing metabolic or inborn errors of metabolism as the

TABLE

18-9 Classification of Cardiomyopathies
Dilated

Restrictive

Hypertrophic

Congestive heart failure,
particularly left sided
Fatigue and weakness
Systemic or pulmonary emboli

Dyspnea, fatigue
Right-sided congestive heart
failure
Signs and symptoms of
systemic disease: amyloidosis, iron storage disease, etc.

Dyspnea, angina pectoris
Fatigue, syncope, palpitations

Moderate to severe cardiomegaly; S" and S4
Atrioventricular (AV) valve
regurgitation, especially
mitral

Mild to moderate cardiomegaly;
S3 or S4
AV valve regurgitation; inspiratory increase in venous pressure (Kussmaul's sign)

Mild cardiomegaly
Apical systolic thrill and heave;
brisk carotid upstroke
S4 common
Systolic murmur that increases
with ValsaJva maneuver

Moderate to marked cardiac
enlargement, especially left
ventricular
Pulmonary venous hypertension

Mild cardiac enlargement
Pulmonary venous hypertension

Mild to moderate cardiac
enlargement
Left atrial enlargement

Sinus tachycardia
Atrial and ventricular
arrhythmias
ST segment and T wave
abnormalities
Intraventricular conduction
defects

Low voltage
Intraventricular conduction
defects
AV conduction defects

Left ventricular hypertrophy
ST segment and T wave
abnormalities
Abnormal Q waves
Atrial and ventricular
arrhythmias

Left ventricular dilation and
dysfunction
Abnormal diastolic mitral valve
motion secondary to abnormal compliance and filling
pressures

Increased left ventricular wall
thickness and mass
Small or normal-sized left
ventricular cavity
Normal systolic function
Pericardia! effusion

Asymmetric septal hypertrophy
(ASH)
Narrow left ventricular outflow tract
Systolic anterior motion (SAM)
of the mitral valve
Small or normal-sized left
ventricle

Diminished left ventricular
compliance
"Square root sign" in ventricular pressure recordings
Preserved systolic function
Elevated left- and right-sided
filling pressures

Diminished left ventricular
compliance
Mitral regurgitation
Vigorous systolic function
Dynamic left ventricular
outflow gradient

Fig.18·32 Chest x-ray film of infant with cardiomegaly and pulmonary
edema/congestive heart failure. (From Baker A: Acquired heart disease in infants
and children, Crit Care Nul's eli" North Am 6: 182, 1994.)
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etiology. Molecular analysis, if available, may aid in the
diagnosis of genetic causes.
Critical Care Management. If an underlying cause
is identified, such as carnitine deficiency or a metabolic
disorder, this finding can direct specific replacement or
dietary interventions.
Anticongestive therapy is initiated to support cardiac
function. Diuretics are implemented for volume reduction.
The critically ill child may require intravenous inotropic
support and afterload reduction. Dobutamine and phosphodiesterase inhibitors will augment stroke volume. Dopamine
is usually kept at renal doses. The nitrovasodilators and
phosphodiesterase inhibitors augment vascular relaxation,
decrease resistance, reduce ventricular work, and may
improve LV relaxation. Frequently intubation and mechanical ventilation is necessary during acute illness for respiratory support and to decrease the metabolic work of the
respiratory muscles. Bed rest and or sedation are implemented as needed to decrease metabolic demands.
If the patient is well enough for oral agents. then digoxin
and ACEIs are frequently employed. Third-generation
~-blockers (carvedilol) have been found to decrease symptoms and improve survival in patients with DCM.14.118 It
has been postulated that ~-blockers lower adrenergic activity and prevent ~-receptor up-regulation, therefore attenuating one of the neurohumoral responses associated with
heart failure (see section on CHF).
Although controversial, some clinicians institute anticoagulation therapy in patients with intracavity stasis to
prevent thrombus formation in the dilated and poorly
contractile heart. Management of ventricular rhythm disturbances may be necessary for some patients. Selection of
antiarrhythmics is based on negative inotropic and proarrhythmic side effects. Amiodarone has been shown to be
efficacious in suppression of ventricular ectopy without
significant negative inotropic effects. 119.120 Occasionally a
patient with intractable, refractory ventricular tachycardia or
ventricular fibrillation will require implantation of an
internal automatic defibrillator.
Serial monitoring of cardiac function with echocardiography is performed to evaluate improvement or deterioration
after the institution of medical management. If the patient is
unresponsive to medical management or if symptoms are
rapidly progressive, cardiac transplantation may be considered. Ventricular assist devices have been used as a bridge to
transplantation in this population.
Hypertrophic Cardiomyopathy. Hypertrophic cardiomyopathy (HCM) is a heterogeneous disorder that is
characterized by a hypertrophied, nondilated left ventricle in
the absence of hypertension, coronary artery disease, aortic
stenosis, and coarctation of the aorta. Infants often have
biventricular hypertrophy.
The pathophysiologic consequence of histologic changes
and hypertrophy of the left ventricle is abnormal relaxation
or diastolic dysfunction. Diastolic dysfunction can lead to
exercise intolerance, cardiac rhythm disturbances, and
sudden death.
The age of onset can be quite variable, and sudden death
can be the first manifestation of HCM. Most patients present

in adolescence or early adulthood. Sudden death occurs
most often between 15 to 35 years of age, and many of these
patients are asymptomatic or only mildly symptomatic
before death. 114.121
Etiology. HCM is a familial, genetically linked autosomal dominant disease in at least 50% of cases. 122
Significant advances in molecular genetics have found a
large number of heterogeneous mutations in genes that
encode for myocardial contractile proteins. In HCM the
causative mutations are generally in the sarcomeric proteins
known as: beta-myosin heavy chain, troponin I, troponin T,
troponin C, light chains of myosin, and cardiac binding
protein. 123 Although a single family may share the same
genetic protein defect, clinical presentation and manifestations can be quite varied.
HCM has also been reported to be associated with tacrolimus124.125 and long-term high-dose steroid therapy.'26
Transient HCM has been reported in infants of diabetic
mothers and secondary to fetal distress. 127 Noonan's syndrome, Pompe's disease, Beckwith-Wiedemann syndrome,
and infiltrative diseases are also associated with HCM.
Incidence. Because the onset of HCM is so variable,
the absolute incidence is unknown. In addition, many
patients can have subclinical disease, making patient
identification difficult. Although reports vary, HCM may
have an incidence of up to 2.5% per 100,000 and accounts
for up to 30% of pediatric primary myocardial disease. I 14
Pathogenesis. Histologic features consistent with
HCM include fibrosis, myocardial cellular disorganization,
myocyte hypertrophy, scarring, and abnormal intramural
coronary arteries. Cellular disarray is interspersed throughout the left ventricle and can occur in areas of normal or
mildly increased thickness. The intramural arteries are
thickened with a narrow lumen and are found around areas
of fibrosis and scarring, implying a casual relationship
between small vessel disease and ischemia. 128 Myocardial
bridging (from hypertrophied muscle) has been reported in
10% of children with HCM and may cause compression of
the coronaries with subsequent ischemia. 129 All of these
factors may contribute to hypertrophy, impaired diastolic
function, arrhythmias, and sudden death.
Structural anomalies include left ventricular hypertrophy
and mitral valve abnormalities. Left ventricular hypertrophy
(LVH) is usually asymmetric. The anterior ventricular
septum and anterolateral free wall typically demonstrate the
greatest degree of wall thickening. The pattern and extent of
LVH exhibit marked heterogeneity among patients. Infants
less than I year old can have concentric LVH and right
ventricular hypertrophy. I 14 In infants and children, significant increases in hypertrophy can occur with age, particularly during the accelerated growth phase of adolescence.
Structural abnormalities of the mitral valve (MV) include
increased MV area, elongated leaflets, thickened leaflets,
and anomalous attachment of the papillary muscle directly
into the anterior leaflet without the interposition of the
chordae tendineae. MV abnormalities may be secondary to
asymmetric hypertrophy and altered flow dynamics.
Many of these patients have left ventricular outflow tract
obstruction (LVOTO). This condition can be quite variable
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and often is dynamic in that it worsens with exercise,
tachycardia, dehydration, or anemia. Obstruction can occur
in early, mid, or at the end of systole (which is the classic
finding). LVOTO can be secondary to septal hypertrophy,
anterior displacement of the papillary muscles, or malposition of the MV during systole. Systolic anterior motion
(SAM) of the MV causes coaptation of the anterior MV
leaflet with the septum producing LVOTO. SAM is felt to be
secondary to a high-velocity jet of flow through the LV
outflow tract (Venturi effect) or flow drag on the leaflet. The
duration and onset of SAM is directly related to the
magnitude of the LV outflow tract gradient. 128
Unlike the older child or adult, infants and young
children often develop RVOTO as well from septal hypertrophy. 114 The subpulmonary obstruction tends to be fixed
and not dynamic, contributing to overall right ventricular
hypertrophy.
Diastolic dysfunction is characteristic of HCM, resulting
from decreased chamber distensibility and increased chamber stiffness (poor compliance). Myocyte hypertrophy,
fibrosis, myocardial ischemia, and cellular disorganization
are all factors in diastolic dysfunction. Although diastolic
dysfunction is unrelated to the severity of outflow tract
obstruction or distribution of hypertrophy, it can be present
when symptoms and LVOTO are absent. 128
Myocardial ischemia occurs in many patients with HCM
and is believed to be responsible for myocardial fibrosis and
scarring. Potential causes of myocardial ischemia include
abnormal coronaries, increased oxygen demand that exceeds
delivery, or elevated ventricular wall tension from prolonged diastolic relaxation interfering with perfusion.
Other pathologic sequelae of HCM include mitral
regurgitation, arrhythmias, and, rarely, systolic dysfunction.
Mitral regurgitation is secondary to SAM and other MV
abnormalities. Arrhythmias are often seen in children with
HCM and can be both supraventricular and ventricular.
Sustained ventricular tachycardia is thought to be an
important cause of sudden death in adults, 130 but this factor
has not been shown in children. I 15 Systolic function is
usually supranormal; however, a patient can progress to a
DCM and subsequently develop systolic dysfunction.
Clinical Manifestations. The majority of people
with HCM are either asymptomatic or only mildly affected.
Often these patients are identified during screening after
detection of an affected family member. Early recognition of
HCM in children is important because of the increased risk
of sudden death in young patients. Death commonly occurs
during competitive sports or severe exertion in often
asymptomatic or mildly symptomatic children. Sometimes
the only previous symptom is syncope. Clinical symptoms
are not often appreciated in children over I year of age;
however, when they do occur, they consist of dyspnea,
exercise intolerance, chest pain. presyncope, and syncope.
Infants, on the other hand, are often quite symptomatic with
tachypnea, tachycardia, poor feeding, and CHF. Children
over the age of I year rarely present in CHF. 114
The physical examination may be completely normal in
asymptomatic patients. Most children however, have a left
ventricular lift, and the apical impulse is often displaced
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laterally and is unusually forceful. If LVOTO is significant,
a thrill may be palpable along the left sternal border. Often
a systolic murmur prompts the referral for evaluation by a
cardiologist; however, this sign is only found in 40% of
patients." 4 The second heart sound may be paradoxically
split, and third and fourth heart sounds are frequently
audible.
Diagnosis. Chest radiograph often demonstrates cardiomegaly with normal PBF. Most patients will have
abnormal ECGs, making this a useful screening tool for
HCM. ECG abnormalities include LVH, ST segment
changes, ventricular strain, deep Q waves, and QTc and
QRS prolongation UI Ventricular preexcitation and WolffParkinson-White (WPW) syndrome have also been associated with HCMI32.133
Echocardiography is the most useful tool in diagnosing
HCM. The degree of LVH, outflow tract obstruction,
systolic and diastolic function, MV abnormalities, and SAM
can be determined. Serial echoes can help monitor progression of disease and response to therapeutic intervention.
Invasive studies include cardiac catheterization and
radionuclide studies. Although echocardiography has all but
replaced cardiac catheterization as a diagnostic tool, occasionally biopsy is performed to diagnose mitochondrial
disorders as a cause. Thallium perfusion scans are used to
detect regional perfusion abnormalities.
If the patient has symptoms in infancy, metabolic studies
should be performed to identify causative factors such as
glycogen storage disease or mitochondrial disorders. Blood
and urine tests for amino and organic acids should be
obtained.
Critical Care Management. Overall management of
patients with HCM is directed toward alleviating symptoms
and reducing the risk of sudden death. Data regarding the
natural history of the disorder in pediatric patients are
limited. Some patients are stable without symptoms,
whereas others have symptoms that rapidly progress. The
prognosis for infants who present before I year of life is
poor, particularly if the initial presentation is CHF. 114
Alleviating Symptoms. Responses to therapeutic intervention can be highly variable, so therapy must be
individually tailored for symptom control. Treatment of
asymptomatic children is controversial. Many clinicians
treat asymptomatic patients (particularly if there is a
malignant family history of sudden death) to try to improve
the clinical course of the disease. Note that none of these
therapies to date have shown to improve survival, but rather
the goal is symptom control. Medical therapy includes the
use of negative inotropes, calcium channel blockers, and
antiarrhythmics (if warranted).
Negative inotropes such as P-blockers and disopyramide
improve symptoms of angina, dyspnea, exercise intolerance,
and presyncope. These agents are thought to decrease left
ventricular ejection acceleration with subsequent reduction
of SAM and LVOTO. 134
Calcium channel blockers are believed to improve LV
relaxation and filling and may reduce myocardial ischemia. 135 These agents are often lIsed in patients who
continue to have symptoms while receiving P-blockers.
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Verapamil has been used most often; nifedipine and
diltiazem have also shown beneficial effects. Care must be
used in patients with severe outflow tract obstruction
because the vasodilating properties of calcium channel
blockers in this scenario can be detrimental.
Arrhythmias are a frequent complication of HCM. QTc
prolongation, ventricular tachycardia, WPW syndrome, and
atrial fibrillation are associated with sudden death in adults
with HCM.129.136.137 Although whether this phenomena
holds true for children is uncertain, many clinicians treat
arrhythmias in symptomatic patients, particularly in those
with syncope. Amiodarone has been shown to be effective
in treating both atrial fibrillation and ventricular tachycardia. 135 Clinical effect, side effects, and concurrent
drug interactions determine the choice of a specific
antiarrhythmic.
Diuretics are used cautiously as high filling pressure are
required to augment cardiac output. Generally diuretics are
reserved for infants presenting in CHF. Positive inotropes
are contraindicated because they can worsen dynamic
LVOTO.
Surgical Intervention. Patients who fail medical management and who remain symptomatic may undergo surgical septal myectomy-myotomy for relief of LVOTO.
Myectomy-myotomy can relieve both the obstruction and
the mitral regurgitation. Reducing left ventricular systolic
pressure decreases myocardial oxygen demand and can
improve symptoms in many patients. 138 Perioperative mortality is low, and postoperative management is similar to that
of other open heart procedures. 139 Surgical myectomy has
not been shown to improve survival in patients with HCM.
The rare patient who remains symptomatic after medical
and surgical management or who progresses to the dilated
form of cardiomyopathy may be considered for cardiac
transplantation.
Dual-Chamber Pacing. In select patients who are
refractory to medical management, dual-chamber pacing has
been implemented. In some patients this approach can
decrease LVOTO and improve symptoms.140.141 The mechanism for improvement remains unclear. It has been
postulated that RV apex pacing, along with a short AV
interval, changes the septal activation sequence, resulting in
dyssynchronous septal contraction, improved diastolic filling, and ventricular remodeling. 142 Occasionally, pharmacologic prolongation of AV conduction time or AV node
ablation is required to maintain AV sequential pacing. This
treatment modality remains controversial and is not universally embraced by all clinicians. 143
Reducing the Risk of Sudden Death. HCM is a significant cause of sudden death in adolescents and young adults.
Risk factors include malignant family history of sudden
death from HCM, syncope, young age, and, in adults,
ventricular tachycardia on Holter monitoring. 144 The cause
of sudden death is presumed to be either a ventricular
arrhythmia or myocardial ischemia. Because sudden death
often occurs during exercise, the patient should be restricted
from engaging in strenuous exertion or competitive sports.
To date, predicting the clinical course of HCM is
impossible because it is so heterogeneous in presentation

and progression. Medical and surgical management help
control symptoms, but unfortunately, no intervention has
been shown to improve survival.

CARDIAC RHYTHM DISTURBANCES
Technologic advances and a better understanding of cardiac
electrophysiology have improved accurate diagnosis and
management of cardiac rhythm disturbances. In addition, an
expanding array of innovative treatment modalities, including new antiarrhythmics, pacing algorithms, and radiofrequency catheter ablation, have improved outcomes.
Arrhythmia diagnosis can be a relatively simple and
concise or challenging and complex. The management of
abnormal heart rhythms can range from simple vagal
maneuvers to antiarrhythmic medication, pacemaker placement, or radiofrequency catheter ablation. The sections that
follow detail the diagnosis and management of cardiac
rhythm disturbances in infants and children.

Etiology and Pathogenesis
A wide variety of structural and functional cardiac diseases,
along with systemic diseases, can be the underlying cause of
rhythm disturbances. Most arrhythmias are due to abnormal
impulse conduction (reentrant circuits), abnomlal impulse
generation (increased automaticity or an ectopic focus), or a
combination of both.
Generally the sinus node determines heart rate and
rhythm. In the presence of sinus node dysfunction or
suppression, the distal portions (AV node, His bundle) of the
conduction system will take over. The rate of sinus node
discharge is primarily determined by autonomic tone. In
addition, changes in the cellular milieu can affect sinus node
activity (i.e., temperature, pH, P0 2, and extracellular potassium and calcium concentrations).
The presence of an accessory connection, suture lines, or
scarring can form the substrate for reentrant arrhythmias.
These arrhythmias are triggered by an extrasystole and are
propagated over the substrate until they are terminated by
block (adenosine, pacing, and cardioversion) in one of the
limbs of the reentrant circuit. See the section on ECG
interpretation in Chapter 7.
All cardiac cells are excitable and can spontaneously
depolarize; this is called automaticity. Abnormal automaticity can occur anywhere in the conduction system or in
isolated myocytes (ectopic focus). Autonomic tone or
conditions that contribute to local changes in cell membrane
potential, such as excessive cardiac stretch, ischemia,
hypokalemia, and digoxin toxicity, affect these rhythm
abnormalities. Ectopic impulse initiation competes with and
can suppress normal sinus node activity. Automatic rhythms
are generally not responsive to adenosine or pacing for
termination.

Diagnosis
Many factors are considered when evaluating a child with a
rhythm disturbance. An accurate history is critically impor-
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tant, particularly because many arrhythmias do not happen
in a predictable manner. The ability to determine symptoms
depends on the age of the child; infants or small children
will not be able to adequately describe symptoms associated
with palpitations or tachycardia. Older children will be able
to identify triggering events, onset, and termination of
rhythm abnormalities. In evaluations, the onset and termination of arrhythmias should be identified. Older children
can easily describe the sudden onset and termination of
supraventricular tachycardia. Automatic tachyarrhythmias
are less easily identifiable because of their typical "warm
up" (slow increase in heart rate) and "cool down" (slow
deceleration). Associated symptoms and should be identified; these include chest pain, fatigue, light-headedness, and
syncope. Precipitating events should be investigated as well.
Past medical history of congenital or acquired cardiac
disease, infectious diseases, or genetic syndromes is investigated. Any family history of cardiac rhythm disturbance or
sudden unexplained death in young adults or teenagers
should also be investigated. The physical examination
concentrates on the cardiovascular system. Cardiac auscultation reveals abnormal murmurs, clicks, and other sounds
that are clues to the identification of structural heart disease.
The rate and regularity of the cardiac rhythm are assessed.
Physical signs that the rhythm disturbance compromises
cardiac function or tissue perfusion are noted.
Electrocardiogram. The surface 12- or IS-lead ECG
and the cardiac rhythm strip are important tools for ECG
interpretation and arrhythmia detection. However, such
recordings illustrate cardiac rhythm at a single point in time
and may not reveal abnormalities. The mechanism of the
arrhythmia also may remain unclear because P waves may
be difficult to visualize. Recording the ECG with an
esophageal electrode or from epicardial pacing wires
provides additional information when the heart rate is rapid
or when atrial activity is difficult to distinguish.
Current telemetty and arrhythmia monitoring units are
helpful in caring for patients with arrhythmias in the critical
care unit. These systems store electrocardiographic strips for
analysis and can recognize some types of specific rhythm
abnormalities.
Echocardiography. The echocardiogram is performed to evaluate cardiac structure and function. CHDs
often associated with cardiac rhythm disturbances are listed
in Box 18-5. Decreased ventricular contractility in the face
of a rhythm disturbance presents a dilemma. Has the
arrhythmia led to a poorly contractile ventricle or is a poorly
functioning heart the cause of the rhythm disturbance?
Baseline evaluation of ventricular function also is important
because antiarrhythmics may depress function further.
Electrophysiology Study. Invasive evaluation of the
conduction system is undertaken with an electrophysiologic
study (EPS). At cardiac catheterization, multiple catheters in
the right heart are used to record the ECG from various sites
(the SA node, AV node, and His bundle). With the aid of
pacing protocols and manipulation of automaticity (isoproterenol, atropine, ~-blockers), automatic foci or accessory
pathways can be located. In addition to definitive diagnosis
of a rhythm disturbance, EPS permits evaluation of medi-
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cation efficacy and therapeutic ablation of an arrhythmogenic substrate.

Sinus Node Abnormalities
Sinus bradycardia, sinus tachycardia, and sinus node disease
(SND) (also called sick sinus syndrome) may be seen in
pediatric patients in the PICU. Both sinus bradycardia and
tachycardia are fairly common and generally are not cardiac
in etiology; they result from other underlying causes. SND
is more common in children who have extensive atrial
incision lines or scarring (Fontan, Mustard, Senning) or who
have atrial pressure elevation or dilation (Fontan, mitral
stenosis, cardiomyopathy). 145
Sinus bradycardia is a heart rate less than the lower limits
for age. Sinus tachycardia is heart rate greater than
age-related normal values (see Table 7-7).
S D manifests as sinus bradycardia or sinus arrest or as
a combination of bradycardia and atrial tachyarrhythmias
(brady-tachy syndrome). SND can also contribute to the
development of junctional rhythm as a result of abnormal
sinus node suppression.
Etiology and Clinical Presentation. Sinus bradycardia may be caused by hypoxia, hyperkalemia, vagal
stimulation, increased intracranial pressure, hypothyroidism, sedation, anesthesia, hypothermia, or sleep. Cardiac
causes include sinus node dysfunction and medications
(e.g., digoxin or ~-blockers). Sinus tachycardia is a physiologic response to fever, sepsis, pain, anxiety, anemia,
hypovolemia, thyrotoxicosis or CHF, or it may be caused by
medications (e.g., catecholamines).
SND is most often seen in pediatric patients who have
had atrial surgery for CHD, most notably atrial baffling
procedures (Senning, Mustard) for transposition of the great
vessels or the Fontall procedure. Inadvertent trauma to the
SA node or its blood supply has been implicated in the
development of SND. Follow-up of patients who had a
Mustard, Senning, or Fontan procedure revealed SND in
50%.146.147 Also at risk for SND, although less commonly
affected, are those who have operations for ASD, AVSD,
Ebstein's anomaly, and anomalous pulmonary venous return. Infrequently, SND is seen in patients with unrepaired
mitral stenosis, ASD, or single-ventricle physiology.
Other nonsurgical causes of SND include myocarditis,
cardiomyopathy, and myocardial ischemia. Increased vagal tone can induce SND. Antiarrhythmics (e.g., digoxin,
~-blockers, calcium channel blockers, and type I medications) may cause sinus node dysfunction as a side effect.
Many pediatric patients with SND are asymptomatic
except when the heart rate is excessively slow. Children
with SND may not demonstrate a normal chronotropic
response (increase in heart rate) with exercise or stress.
Therefore these patients will complain of fatigue, exercise
intolerance, presyncope, or syncope. Infants may exhibit
poor feeding, lethargy, and CHF.
Critical Care Management. Treatment of sinus bradycardia requires the identification of the underlying cause
and assessment of hemodynamic significance. The majority
of children with sinus bradycardia respond to stimulation,
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Box 18-5
Congenital Heart Defects and Cardiac Rhythm Disturbances

Unoperated Congenital Heart Defects

Eisenmenger's Syndrome (Pulmonary Vascular Obstructive
Disease)
Ventricular arrhythmias (ventricular volume and pressure
overload)
Sudden death
Atrial fibrillation or flutter
Pulmonary Stenosis or Atresia and Cyanosis
SVT
Atrial fibrillation or flutter
Ventricular arrhythmias (especially with marked polycythemia)
Ebstein's Anomaly
SVT
WPW with SVT
Atrial flutter or fibrillation
AV block
Junctional rhythm
Ventricular tachycardia and fibrillation
Corrected Transposition oJ the Great Arteries
AV block (second or third degree)
WPW with SVT
Tricuspid Atresia
Atrial ectopy, flutter, fibrillation
Ventricular ectopy

Tetralogy oJ Fallot (in Older Palients)
Ventricular arrhythmias
SVT
Atrial Septal DeJects (in Older Patients)
Atrial flutter and fibrillation
SVT
Junctional and ectopic atrial rhythms
Sinus node dysfunction (sinus venosus ASD)
AV block (primum ASD)
Postoperative Arrhythmias in Congenital Heart Disease

Extensive Atrial Surgery/Repairs With Elevated Atrial
Pressure (Fonlan Procedure. Muslard or Senning Repair, TOlal
Anomalous Pulmonary Venous Return, Atrial Septal DeJect
(Rare/)
Supraventricular arrhythmias
SVT*
Incisional intraatrial reentrant tachycardia
Sinus node dysfunction
Si nus bradycardia
Ventricular arrhythmias (as patients age)
Ventricular Septal Surgery (Ventricular SepIaI DeJect,
Tetralogy oJ Fallot. AV Canal DeJecls, Subaorlic Stenosis)
AV conduction block
Ventricular tachycardiat

Aortic Stenosis and Coarctation oJ the Aorta
Ventricular arrhythmias (with marked elevation of left
ventricular pressure)
* An unusual form of SVT. junctional ectopic tachycardia. or accelerated junctional rhythm is seen most commonly after repair of tetralogy of Fallat or the Funtan repair.
tVenlricular tachycardia i!'l alsn noted after repair of the Ebstein's anomaly, coronary artery anomalies. single-ventricle defects with the Fantan procedure, and
D-transposition of the great arteries.

Svr. Supraventricular tachycardia; WPW; Wolff-Parkinsoll-White syndrome; ASD.

oxygen, or hand ventilation. Acute management, if the
bradycardia is refractory to the aforementioned interventions. is intravenous administration of atropine or epinephrine. Protracted, hemodynamically significant bradycardia
can be treated with temporary atrial pacing (in the absence
of AV node block) or isoproterenol.
Treatment of sinus tachycardia lies in remedying the
underlying cause of the physiologic response of the heart to
demands for increased cardiac output.
Treatment of SND is dependent on symptoms and
associated atrial arrhythmias. Permanent pacemaker implantation is indicated for excessively slow heart rates and
symptom control. SND and bradycardia increase the risk for
atrial fibrillation or flutter. 148.149 Therefore antibradycardia
pacing is advocated in this population to suppress the
development of atrial tachyarrhythmias. 145

atrio~eptal

defect; AY, atrioventricular.

Atrial Arrhythmias
Atrial arrhythmias can be the consequence of an automatic
or reentrant rhythm abnormality. Atrial arrhythmias include
premature atrial contractions. supraventricular tachycardia
(AV reentrant tachycardia, AV nodal reentrant tachycardia,
atrial ectopic tachycardia), atrial fibrillation, atrial flutter,
and intraatrial reentrant tachycardia.
Premature atrial contractions (PACs) are common, particularly in infants and children. Isolated PACs are a benign
condition (even if they occur frequently) and are not treated,
so they are not discussed here.
Supraventricular Tachycardia. SVT is the most
common rhythm abnormality in infants and children. SVT is
a broad term that encompasses a number of tachycardia
mechanisms. It can be caused by either a reentrant or
automatic mechanism (Box 18-6).
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Box 18·6

Types of Supraventricular Tachycardia

Reentry With an Accessory Connection
Wolff-Parkinson-White syndrome (manifest accessory
connection)
Atrioventricular nodal reentry tachycardia (AVNRT)
Atrioventricular reentry tachycardia (AVRT)
Incisional intraatrial reentry tachycardia (IART)
Permanent junctional reciprocating tachycardia

Ectopic Focus With Increased Automaticity
Atrial ectopic tachycardia (AET)
Junctional ectopic tachycardia (JET)

Etiology and Clinical Presentation
Reentrant SVT. The substrate for reentrant tachycardias is an accessory connection that allows propagation of
the tachycardia via retrograde conduction from the ventricles to the atria and antegrade conduction down the
AV node. 150 Reentrant mechanisms are responsible for
the majority of SVTs and by definition can be initiated
and terminated by pacing. Termination can also be achieved
by blocking one arm of the circuit (AV node) with
adenosine. Atrioventricular reentrant tachycardia (AVRT)
and atrioventricular nodal reentrant tachycardia (AVNRT)
are specific terms identifying the electrophysiologic cause
of the most commonly encountered forms of clinical SVT.
AVRT is most often encountered in infants and small
children. Substrate for the arrhythmia is an accessory
connection (AC) as previously described. Sometimes the
AC is not apparent on surface ECG in sinus rhythms. In a
subset of patients, the AC is apparent on ECG in sinus
rhythm (ventricular preexcitation); this suggests WPW
syndrome and is diagnosed by the presence of a delta
wave and short PR interval on ECG (see Chapter 7). To
truly diagnose WPW syndrome, the patient must have
ventricular preexcitation and SVT. Some individuals may
have ventricular preexcitation on ECG and no SVT, and
therefore they are asymptomatic. There is an increased risk
for sudden death in patients with WPW. Sudden death in
WPW is due to atrial fibrillation and the rapid anterograde
conduction of atrial fibrillation over the AC, resulting in a
rapid ventricular rhythm. Cardiac arrest has been reported as
the first rhythm abnormality in otherwise asymptomatic
patients with WPW. 151
AVNRT is a reentrant rhythm occurring within the AV
node with two distinct AV node pathways (dual AV node
physiology). This form of SVT usually manifests in
childhood or adolescence. Premature junctional reciprocation tachycardia (PJRT) is another reentrant tachyarrhythmia, but it is rare and is not discussed.
Both AYRT and AVNRT are clinically similar and
respond in like manner to therapeutic intervention. The most
common ages for occurrence of SVT are the first year of life
and puberty. Infants usually present with poor feeding,
pallor, and irritability. Up to 50% can present in CHE150.152
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Older children complain of palpitations or heart racing that
is sudden in onset and termination. They may have
associated chest pain, light-headedness and, rarely, syncope.
Any child with WPW syndrome and syncope warrants EPS
for risk stratification and documentation of life-threatening
arrhythmia and consideration of radiofrequency ablation.
Automatic SVT. Automatic SVTs are due to enhanced
automaticity or a discrete focus in the atrium. These rhythms
cannot be terminated or initiated by pacing, although the
rhythm can be suppressed by rapid overdrive pacing. Atrial
ectopic tachycardia (AET) and JET are the two forms
encountered most often in children. AET commonly presents in infancy, and it can be incessant or intermittent.153.154 This rhythm abnormality can be an important
cause of cardiomyopathy if not identified in a timely
manner. 155 (See discussion of JET under section on junctional arrhythmias.)
Clinically this rhythm can be difficult to identify because
it can mimic sinus tachycardia, as the rates may not be
excessively high. Palpitations are uncommon; more typically the patient presents in heart failure or with decreased
ventricular function.
ECG Characteristics. AVRT and AVNRT are manifested as a narrow complex, regular tachyarrhythmia that is
sudden in onset and termination. Retrograde P waves follow
the QRS but may be hard to identify in AVNRT. Rates
in infants are 250 to 300 beats/min; in children, up to
250 beats/min; and in adolescents, 150 to 220 beats/min
(Table 18-10).
The ECG in AET can be variable, depending on the
site of origin in the atria. It exhibits a warm-up and
cooldown on initiation and termination, atrial rates vary
from 130 to 300 beats/min. P waves before the QRS are
visible, but morphology is different from the P wave in
sinus rhythm. The PR interval is prolonged, particularly
at faster rates. This rhythm does not terminate with AV
block.
Critical Care Management. Management of SYT is
determined by the underlying substrate and clinical symptoms. Many patients with reentrant SVT will have infrequent, short episodes of tachycardia that require no intervention. The natural history of most reentrant SVT is benign
with an excellent outcome. Approximately 25% to 30% of
infants with reentrant tachycardia will have no clinical or
inducible SYT by I year of age. In addition, infants with
WPW syndrome can have loss of ventricular preexcitation
(delta wave) on surface ECG at I year. 152
In hemodynamically stable SYT that does not convert
spontaneously, vagal maneuvers may be successful. Note
that this approach will only terminate reentrant SVT, not
AET. The diving reflex can be elicited by applying ice to the
face or by submerging the face in ice water. Cold fat
necrosis can occur with prolonged applications of ice to the
face. It is recommended that ice be applied to the less fatty
areas of the infant's face and a cloth barrier be used. 156
Elicitation of the diving reflex works best with infants and
young children. Older children can be instructed to bear
down, blow against a thumb placed in the lips without
exhaling, or stand on their heads.
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TABLE 18-10 Characteristics of Sinus and Supraventricular Tachycardia

~History

S".

Sinus Tachycardia

Supraventricular Tachycardia

Febrile illness, dehydration, or volume loss

Lethargy or irritability, poor feeding, pallor,
diaphoresis without specific causation

Consistent with fever, dehydration, or bleeding

Signs of CHF: tachypnea, ralcs, dyspnea,
hepatomegaly, decreased tissue perfusion

Normal heart size, clear lung fields

Cardiomegaly, pulmonary edema

Heart rate usually >200 beats/min, slight variation
in R-R intervals, P waves visible, narrow QRS

Heart rate >220 beats/min, regular R-R intervals,
P waves may be retrograde or nondetectable (50%),
narrow QRS (>90%)

Usually normal

Ventricular dilation, dysfunction

~t

~Examjnation

fl:'"

~E!::hest x-ray
~!,ECG*

film

~l
"'.

E!;

~EchOCardiOgram
~~Pata from Hanisch
ifh.:t:~n

DG, Perron L: Complex dysrhythmias in infants and children. AACN Clill Issues Crit Care Nurs 3:255-267, 1992,
additional ECG finding, if the onset of the arrhythmia is captured: ST will manifest a gradual acceleration in heart rate as compared with the abrupt

of SVT.
~{:HF, Congestive heart failure: ECG, electrocardiogram.

~.onset

;g':.-

Patients with frequent sustained episodes require antiarrhythmic therapy for controL Acute termination of reentrant
SVT through AV nodal blockade is accomplished by adenosine. This must be given rapid intravenous push at a port
proximal to the patient, followed by a large-volume rapid
flush. Occasionally, reonset of SVT will occur despite temporary termination with adenosine. If the tachycardia is incessant and hemodynamically significant, intravenous
procainamide or amiodarone is used to convert to sinus
rhythm. These patients require close monitoring in the
PICU, frequent ECGs to evaluate for a~sociated QTc prolongation, and support of hemodynamics. Once the rhythm is
contrOlled, they can switch to oral antiarrhythmics.
Less critically ill patients with frequent SVT can be
managed with oral agents such as ~-blockers, digoxin,
amiodarone, flecainide, and verapamil, noting that intravenous verapamil is contraindicated in infants under I year of
age because of related cardiovascular collapse. (See the
section on antiarrhythmic therapy in Chapter 7 for detailed
review of the listed medications.)
AET can be quite resistant to pharmacologic therapy.
Although some children outgrow this rhythm, many develop
cardiomyopathy in the interim. Rate control is important,
particularly in the face of ventricular dysfunction. Many antiarrhythmics are ineffective, with class IC and III being the
most effective.153.154 Intravenous amiodarone is very effective in the critically ill child with AET. 157 Oral amiodarone,
sotalol, and f1ecainide are effective for chronic therapy.
Overdrive atrial pacing is sometimes used to terminate
reentrant SVT that is incessant and refractory to pharmacologic intervention. The atrium is paced (esophageal electrode or epicardial electrodes) at a rate faster than the SVT
rate for up to 30 seconds. Initially, if pacing is not
successful, the rate can be increased incrementally, but it
should not be so rapid as to induce atrial fibrillation. Pacing
will not terminate AET.
Radiofrequency catheter ablation is recommended for
any children with SVT, WPW syndrome, or AET who have
frequent episodes of tachycardia, are refractory to medications, have ventricular dysfunction, or syncope. Complications are rare (approximately 3%), and freedom from

arrhythmia recurrence is 70% to 90% (dependent on the
arrhythmogenic substrate).155.'5M
Atrial Fibrillation, Atrial fibrillation is rare in children with structurally normal hearts. However, in children
with atrial enlargement (Fontan, mitral regurgitation [MR],
Ebstein's anomaly, cardiomyopathy) or ventricular dysfunction, it can be hemodynamically significant. t49 Atrial fibrillation can be life threatening in patients with WPW syndrome who have rapid antegrade conduction across their AC.
Etiology and Clinical Presentation. Mechanism of
atrial fibrillation involves multiple reentry circuits within
the atria. These give rise to small, disorganized electrical
waves of acti vity. AV node conduction is variable, with an
irregular ventricular rate. In children, atrial fibrillation
generally occurs in the setting of congenital heart disease,
thyrotoxicosis, WPW syndrome, or cardiomyopathy. or it
can be familial. 150
Clinically these patients may be asymptomatic, with an
irregular heart rate often being a serendipitous finding on
routine examination. If the ventricular rate is rapid, the child
may complain of palpitations or heart racing. Patients with
WPW syndrome may present symptoms of tachycardia,
syncope, and cardiac arrest.
ECG Characteristics. No visible P wave with disorganized atrial activity is evident that results in either coarse
or fine fibrillatory waves. There is no discrete atrial activity,
and the ventricular rate is variable and irregular because of
variable AV conduction.
Critical Care Management. Atrial fibrillation is
unresponsive to pacing. Synchronized cardioversion is
necessary for conversion if the episode does not terminate
spontaneously (Box 18-7). Before cardioversion, it must be
determined how long the patient has been in atrial fibrillation. Intracardiac thrombus can form if atrial fibrillation has
been present for longer than 48 hours, despite anticoagulation. Therefore transesophageal echocardiogram must be
performed to evaluate for thrombus, given that the risk for
embolization is significant during cardioversion.
Intravenous procainamide may be helpful in converting
the rhythm or in making refractory atrial fibrillation responsive to cardioversion. Digoxin is effective in ventricular rate

Chapter 18

Cardiovascular Critical Care Problems

645

Box 18-7

~ Cardioversion and Defibrillation in Pediatric Patients
Indications

Multifunction Pad Size

Synchronized Cardioversion (R Wave Sensing Ensured)
Intraatrial reentry tachycardia (IART), atrial flutter or
fibrillation
Supraventricular tachycardia
Ventricular tachycardia
Not indicated for junctional ectopic tachycardia or chaotic
atrial rhythm

Less than 15 kg: pediatric
Greater than IS kg: adult

Standard
Base at upper right chest
Apex at left anterior axillary line

Defibrillation (Asynchronous)
Pulseless ventricular tachycardia
Ventricular fibrillation

Anterior·Posterior
Base on anterior chest over the heart
Apex on the back

Electrode Placement

Sedation

Energy Dose

If awake: choice of agent will vary with institutional and clinician preference and is based on the patient's clinical status,
Fentanyl, propofol, midazolam (Versed), lorazepam (Ativan),
morphine sulfate, or ketamine can be used as single agents
or in combination,

Synchronized Cardioversion
0,5-1 watt-second (joule) per kg
Repeat with 2 watt-second/kg if needed

Paddle Size

Defibrillation
2 watt-second/kg
Repeat with 4 watt-second/kg if needed

Infant: 4,5 cm
Child: 8 or 13 cm (ensure good contact with skin)
Adapted from Perry JC. Garson .1\: Diagnosis and treatmen( of arrhYlhmias. Adl' Pediarr 36: 177-200, 1989.

control by slowing AV node condttction, and it may be
helpful in improving hemodynamics to prevent recurrences,
Atrial Flutter/lntraartial Reentrant Tachycardia.
Classic atrial flutter (AF) is a regular reentrant atrial rhythm,
is usually found in infants with structurally normal hearts,
and is rare,149 Intraatrial reentrant tachycardia (IART)
accounts for most of the "atrial flutter" in children and often
occurs in patients who have undergone surgical correction
of congenital heart disease,
Etiology and Clinical Presentation, AF is rare but
can be seen in neonates with structurally normal hearts,
Often the diagnosis is made on fetal echocardiogram, The
atrial rates are usually 250 to 450 beats/min, with variable
AV conduction and ventricular rate, CHF can develop if
there is delay in making the diagnosis,
IART is a reentrant rhythm and has slow atrial rates (up
to 250 beats/min), which distinguishes TART from classic
AF Atrial surgery (Fontan, Mustard, Senning, ASD, and
TAPVR repair) is the usual cause of arrhythmia substrate_25.159 In addition, conditions that contribute to AV
valve regurgitation or stenosis with subsequent atrial
dilation (MR, mitral stenosis [MS], tricuspid regurgitation,
Ebstein's anomaly) are associated with IART. 5l,l48 Atrial
suture lines, atrial scarring, or abnormal atrial tissue caused
by chronic atrial volume and pressure overload form the
arrhythmia substrate. An atrial circuit, usually around the
suture lines, characterizes the reentrant course of IART, with
sufficient recovery time in one limb of the circuit to allow
tachycardia propagation. 1S9
Clinically, children with AF and IART usually present
with a fixed, (this can be the key to diagnosis) rapid heart

rate that does not vary with activity or physiologic state
(sleep). If the rate is slow, the patient may be asymptomatic,
If the ventricular rates are high, the child may complain of
palpitations, hem1 racing, fatigue, and exercise intolerance,
If not identified in a timely manner, CHF may ensue. The
development of IART often indicates poor hemodynamics
and is often seen in children with SND and bradycardia 51
ECG Characteristics. AF is characterized by rapid,
regular sawtooth flutter waves that are morphologically
different from the P waves in sinus rhythm, Variable AV
conduction is often present (usually 2: I), so the subsequent
ventricular rate is half the atrial rate.
IART is sometimes difficult to identify on ECG. The
atrial rate is usually 250 beats/min or less, without the
classic sawtooth flutter waves found in AF The P waves are
distinct from the sinus P wave and are frequently of low
amplitude. If 2: I conduction is present, the ventricular rate
will be slower than classic AF, making diagnosis difficult.
Although adenosine will not usually terminate the arrhythmia, it is helpful in making the diagnosis with ECG because
AV block will slow the ventricular rate, making the flutter
waves more apparent (Fig. 18-33), This arrhythmia should
always be suspected in any patient who has undergone a
Fontan, Senning, or Mustard procedure with a fixed,
nonvariable heart rate or with a heart rate that is more rapid
than expected.
Critical Care Management. In the neonate with a
structurally normal heart, AF is easily terminated with
synchronized cardioversion or atrial overdrive pacing. Late
recurrences are uncommon, and chronic antiarrhythmic
therapy is unnecessary,
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Fig. 18-33 ECG of infant in intraatrial reentrant tachycardia. To confirm diagnosis, a dose of adenosine
was given to produce AV block, making flutter waves more apparent.

IART requires conversion to sinus rhythm, along with
evaluation of hemodynamics. Medical or surgical interventions to maximize hemodynamics can help control recurrences. Some patients can present in asymptomatic IART
and in hindsight may have been in this rhythm for weeks or
months. These patients are at risk for the development of
intracardiac thrombi resulting from atrial stasis, even if
currently on anticoagulation therapy. The risk of embolic
phenomena is not insignificant in patients with atrial flutter
and can occur with cardioversion. l60 Therefore thrombi
must be ruled out with transesophageal echocardiogram
(TEE) before cardioversion. 161 Hemodynamically stable
patients with intracardiac thrombi present a therapeutic
dilemma. If clot is present in the left atrium, then many
clinicians advocate anticoagulation with repeat TEE before
cardioversion. The ideal period for anticoagulation has yet
to be detennined. However if ventricular function is
decreased, the patient is hemodynamically unstable, or if the
clot is on the systemic venous side of the heart, then
cardioversion is perfonned.
Synchronized cardioversion (0.5 to I watt/kg) is usually
effective in restoring sinus rhythm. Some patients are
refractory or may develop recurrence of IART. In this
scenario, intravenous procainamide or amiodarone may be
effective in either converting the rhythm or improving the
ability to electrically cardiovert. Chronic antiarrhythmic
therapy is individualized and can consist of amiodarone,
procainamide, P-blockers, or sotalol.
Rapid overdrive atrial pacing may also tenninate IART.
This must be performed in a controlled environment
because the atrium is paced at a rate just faster than the atrial
tachycardia rate. Rapid atrial burst pacing or the introduction of PACs after rapid atrial pacing will make one limb of
the circuit refractory, thereby terminating the arrhythmia.
This technique is most effective if the child has not been in
IART for a protracted period of time. Coexisting SND and
bradycardia are risk factors for the development of IART.
Therefore the recommendation is that these patients be
pennanently paced (modes AAI or DDD at rates of
about 80 beats/min) to prevent the development or recurrence of IART.
Radiofrequency catheter ablation, cryoablation, and the
Maze procedure have all been advocated as treatment for
incessant refractory IART. To date, the success of radiofre-

quency catheter ablation is less than satisfactory, with recurrence as high as 50%.162.163 Intraoperative cryoablation is
currently advocated in some Fontan patients during surgical
revision from intracardiac to an extracardiac Fontan, particularly because the atrium cannot be accessed for catheter
ablation after this procedure.I64.165 Antitachycardia pacemakers have been implanted during surgery in select patients to tenninate postoperative IART. 165 The Maze procedure is infrequently perfonned in children; however, in
adults it is advocated for control of AF or atrial fibrillation.
In this operative procedure, a number of surgical incisions
are made in the atrium (taking care to prevent injury to the
sinus node) to interrupt the reentrant circuit. This surgery
can be curative in up to 98% of adult patients. 166

Atrioventricular Nodal
and Junctional Arrhythmias
Junctional arrhythmias are the consequence of abnormal
automaticity in the AV node or HIS bundle, which produces
JET. They can also be due to sinus node slowing or disease
with subsequent junctional escape rhythm. Premature junctional beats or accelerated junctional rhythms are not life
threatening so are not discussed in detail. Treatment of SND
will generally abolish the junctional rhythm.
Junctional Ectopic Tachycardia. JET is an automatic tachycardia that can be difficult to diagnose and treat.
Etiology and Pathogenesis. JET is an automatic
tachycardia caused by enhanced automaticity of the AV
node or proximal His bundle. Most often, JET is a transient
phenomenon occurring acutely in infants or young children
after cardiac surgery (TOF, VSD, TGA). Rarely, JET is seen
as a congenital rhythm disturbance in infants with structurally normal hearts.
The pathophysiologic consequences of JET are the result
of both the sustained rapid heart rate and associated decrease
in ventricular filling caused by loss of "atrial kick" from AV
dissociation. In postoperative cardiac surgery patients,
profound hypotension and cardiovascular collapse may
develop. Infants with congenital JET develop left ventricular dysfunction over several months. 154
ECG Characteristics. The ECG of JET is characterized by a narrow QRS, the morphology of which is similar
to the postoperative sinus rhythm. (This can make it difficult
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Fig. 18-34 Atrial ECG of infant in junctinnal ectopic tachycardia
(JET). Top recording is from atrial epicardial wires; note that

junctional rate is slightly faster than atrial rate.

to distinguish it from an atrial tachycardia.) There is AV
dissociation with the ventricular rate faster than the atrial
rate. An atrial epicardial or transesophageal ECG is most
often necessary to differentiate JET from other types of SVT
(Fig. 18-34)
Critical Care Management. Postoperative JET is a
transient, self-limiting arrhythmia that resolves spontaneously in hours to days after onset. Mildly increased
junctional rates can be well tolerated, but rapid JET results
in hemodynamic instability or death. The goal of management is twofold: first, to restore AV synchrony and, second,
to slow the junctional tachycardia. AV synchrony is restored,
provided the heart rate is less than 200 beats/min, by
overdrive atrial or AV sequential pacing at a rate slightly
above the junctional rate.
In addition, this rhythm is catecholamine sensitive, so
every attempt should be made to decrease or discontinue the
infusion of exogenous catecholamines. Unfortunately, poor
hemodynamics exacerbate JET, so the risks and benefits of
intravenous inotropes must be individually balanced for
each patient. Hyperthermia and electrolyte imbalances are
treated vigorously.
Early intervention to slow the junctional rate is best
achieved by hypothermia to a core temperature of 34 0 C to
35° C, using a cooling blanket. Occasionally temperatures
as low as 33° C are necessary.167 To prevent shivering,
hypothermia necessitates sedation and chemical paralysis
with intubation and mechanical ventilation.
Pharmacologic therapy of JET is difficult. Digoxin is
generally ineffective in controlling JET, although it may
improve hemodynamics. Procainamide alone or in combination with hypothermia has been shown to be effective. 167
Intravenous amiodarone can be used if the JET is refractory
to cooling, pacing, or procainamide. 157
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ECMO has been used for emergency support of infants
with life-threatening JET. The aim of this therapy is
cardiovascular support until the arrhythmia spontaneously
resolves. 168 Rarely, catheter ablation has been implemented
as a lifesaving maneuver.
Most postoperative patients who develop JET do quite
well, as long as ventricular rate is controlled and hemodynamics are supported. If these two goals are not accomplished, death may ensue. Effective therapy usually results
in a ventricular rate less than 170 beats/min.
Atrioventricular Conduction Block. Three forms
of AV block are discussed here. For further review, see
Chapter 7.
Etiology and Clinical Presentation. First-degree
heart block is the consequence of slowed impulse conduction through the AV node. It is characterized by a prolonged
PR interval on the ECG with a P wave preceding each QRS
complex. These patients are asymptomatic because there is
no significant hemodynamic impact. This conduction disturbance does not necessitate intervention beyond the
identification of its cause. In pediatric patients, digoxin
administration is the most common cause of first-degree
heart block.
Second-degree heart block occurs when an occasional
or patterned block of AV conduction occurs. The ECG characteristics of Mobitz type I and Mobitz type II seconddegree heart block have been described in Chapter 7. Mobitz
type I second-degree heart block may reflect AV node
dysfunction in patients following intracardiac surgical
procedures near the AV node or in those with digoxin,
~-blocker, calcium channel blocker, or quinidine toxicity. It
may be seen in patients without cardiovascular disease,
especially during sleep. Most often, treatment is not
required because this conduction delay does not compromise cardiac output and it is unlikely to progress to complete
heart block.
Mobitz type II second-degree heart block is usually
related to His bundle or bundle branch block, most often
resulting from surgical injury. Progression to complete heart
block can occur.
Complete heart block (CHB) is also called third-degree
heart block. It can be related to structural heart disease
(L-TGA), it may be congenital in infants with normal
cardiac structure, or it may be acquired (myocarditis,
surgery). Regardless of the cause, the SA node paces the
atria, whereas an independent junctional or ventricular
pacemaker establishes the ventricular rhythm. Cardiac
output may be compromised if the ventricular rate is
excessively slow.
Congenital heart block appears infrequently and most
infants have a structurally normal heart. Structural defects
associated with congenital heart block are L-TGA, AV
septal defects, endocardial fibrosis, and left atrial isomerism. In infants without CHD, a strong association is
found between the incidence of congenital CHB and
maternal connective tissue disease, typically systemic lupus
erythematosus.
Low fetal heart rate usually leads to the prenatal
diagnosis of congenital CHB. Fetal echocardiography de-
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tects asynchronous and independent contraction of the atria
and ventricles. Fetal mortality is high. 169
After birth, infants with congenital CHB may be
asymptomatic, or they may be in severe CHF as manifested
by hydrops fetal is, tachypnea, and lethargy. Postnatal
mortality is increased if there is associated structural heart
disease. After infancy, children with congenital CHB and a
structurally normal heart may have exercise intolerance,
fatigue, sleep disturbances, or syncope. In these patients, the
ventricular rate and the ability to increase heart rate with
activity determine their symptoms.
Acquired CHB is most often seen as a complication of
intracardiac surgery near the AV junction, although it can
also occur secondary to endocarditis, myocarditis, or Lyme
disease. Surgical procedures with increased risk for CHB
include repair of VSDs or AVSDs, L-TGA, TOF, aortic
valve replacement, and mitral or tricuspid valve replacement,145 Postoperative or acquired CHB may be transient or
permanent. In the postoperative period, resumption of sinus
rhythm may take up to 2 weeks.
ECG Characteristics. The P wave in patients with
CHB originates in the SA node and is of normal
morphology. However, transmission through the AV node
is blocked, and an escape rhythm, usually generated by
a site high in the His bundle, ensues. The QRS complex
may be wide or narrow. The P-P interval is usually regular,
as is the R-R interval. The atrial rate is faster than the
ventricular rate.
Critical Care Management. Postoperative heart
block is managed acutely by temporary AV sequential pacing, ideally in the DDD mode. If the temporary pacemaker cannot sense the intrinsic atrial rate appropriately,
then a DVI or VVI mode can be used (see Chapter 7).
Implantation of a permanent pacemaker is recommended
in patients with postoperative heart block that persists for
14 days.79
The ventricular rate and symptoms determine acute
management of CHB. In severe symptomatic, hemodynamically significant bradycardia, a continuous infusion of
epinephrine or isoproterenol will increase the heart rate until
temporary pacing can be instituted. If the cause of CHB is
acquired (other than postoperative CHB), temporary pacing
may only be necessary until recovery of the AV node is
achieved. If the AV node apparently will not recover, then a
permanent pacemaker is needed.
Asymptomatic newborns with congenital CHB are monitored continuously for a number of days before discharge. In newborns, permanent pacing is indicated for
CHF, ventricular rate less than 55 beats/min, prolonged
QTc, wide QRS escape rhythm, or frequent ventricular
ectopy.169
Children with congenital CHB are followed closely
because symptoms can occur at any age. Exercise testing
and Holter monitoring are used to determine heart rate with
exercise and to detect ventricular arrhythmias. Frequent
ventricular ectopy, exercise intolerance, syncope, low heart
rate (6 to 10 years, less than 50 beats/min; 16 to 20 years,
less than 45 beats/min), QTc prolongation, or inadequate

heart rate response to exercise are criteria for pacemaker
placement, 170.171

Ventricular Arrhythmias
Infants and children have far fewer ventricular arrhythmias
than adults. Premature ventricular contractions and ventricular tachycardia are the ventricular rhythm abnormalities
most commonly encountered in pediatric patients.
Premature Ventricular Contractions. Premature
ventricular contractions (PVCs) are recognized on ECG as
an early QRS complex with morphology different than that
of the sinus QRS. Typically the duration of the QRS
complex is prolonged, and the complex is bizarre in
appearance. However, a nearly normal appearance and
duration of the QRS are not uncommon, particularly in
infants.
PVCs can either be single, clustered in groups of two

. Box 18-8

~

..

.

Drugs Known to ProlongQTt .

Note: These drugs should be avoided if QTc is prolonged or if
long QT syndrome is present.
Adrenergic Agents

Adrenaline
Antihistamines

Terfenadine (Seldane)
Astemizole (Hismanal)
Diphenhydramine (Benadryl)
Antibiotics

Erythromycin
Sulfamethoxazole (Septra)
Pentamidine
Antifungals

Ketoconazole
Fluconazole
Itraconazole
GI Medications

Cisapride
Cardiac Medications

Quinidine
Procainamide
Disopyramide
SOlalol
Probucol
Psychotropic Medications

Amitriptyline
Phenothiazines
Haloperidol
Risperidone
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(couplets), or occurring in runs (three, four, five, etc., beats
in a row). Bigeminy occurs when every other beat is
a PVc. The morphology of the PVC should also be
evaluated because multiform PVCs may be more ominous.
PVCs that are single, uniform, and suppressed with
exercise and increased heart rate are benign and do not
require treatment in children with structurally normal
hearts. These are quite common, noted in as many as
18% of newborns, 6% of infants, 14% of children, and
27% of adolescents. 147 Conversely, children with structural heart defects, multiform PVCs, or couplets are at
increased risk for hemodynamic compromise or progression to a lethal ventricular rhythm. Careful surveillance is
necessary with periodic Holter monitoring, however, most
children with PVCs require only observation and no
intervention.

Fig. 18·35

Cardiovascular Critical Care Problems

649

Electrolytes and pH should be monitored in hospitalized
children with PVCs, particularly after open heart surgery.
Potassium, calcium, and magnesium levels should be kept
normal with replacement therapy if necessary. Persistent
acidosis should be corrected.
Ventricular Tachycardia. Ventricular tachycardia
(VT) is a wide-complex tachycardia with AV dissociation,
the origin of which is the ventricle. The ventricular rate
will be faster than the atrial rate on ECG. This rhythm
can be due to abnormal impulse generation or conduction.
Hemodynamic significance of VT depends on the rate, the
presence of heart disease, and whether it occurs with
exercise. Occasionally a child in SVT will present with
wide-complex tachycardia. Clinically significant widecomplex tachycardia should be considered a VT until
proven otherwise.

Venrricular tachycardia in 6-month-old with severe left ventricular outflow tract obstruction.

Fig. 18-36 Ventricular tachycardia with torsade de pointes configuration. (From Holbrook PR: Textbook
of pediatric critical care. Philadelphia, 1993, WB Saunders, p 406.)
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Etiology and Clinical Presentation. Causes of VT
in infants and children include electrolyte or metabolic
disturbances, including acidosis, hypoglycemia, hyperkalemia, hypokalemia, hypercalcemia, hypomagnesemia, and
hypothennia. Other potential causes are drug toxicity
(digoxin, quinidine, procainamide, sympathomimetics, anesthetic agents, cocaine, caffeine, nicotine) and cardiac
pathologic conditions (cardiomyopathy, aortic stenosis,
myocarditis, cardiac tumors). VT has been implicated as
a cause for sudden death in patients after repair of TOF. 172
Idiopathic or congenital long QT syndrome is characterized by ventricular repolarization abnormalities that
can result in polymorphic ventricular tachycardia (torsades
de pointes) and sudden death. Idiopathic long QT can
be caused by drugs (Box 18-8) or electrolyte imbalances, most notably hypokalemia, hypocalcemia, and
hypomagnesemia. 173.174
Symptoms are dependent on the rate and hemodynamic effects of the VT. If the rate is slow, the tachycardia can be well tolerated, and the patient may be asymptomatic. Rapid rates can result in the sensation of
palpitations, light-headedness, syncope, or cardiovascular
collapse.
ECG Characteristics. VT occurs at a rate generally between 120 and 300 beats/min. The complexes are
wide and can be bizarre in appearance (Fig. 18-35).
However, if the VT focus is near the AV node, the QRS may
only be slightly prolonged. Torsade de pointes occurs in
the presence of QTc prolongation and is characterized as
a rapid, spiraling, polymorphic VT, as illustrated in
Fig. 18-36.
Critical Care Management. The hemodynamic significance of the rhythm disturbance, age, type of tachycardia, and associated symptoms determine management of VT.
Acute short-term management of hemodynamically significant VT is cardioversion. If the patient is stable, an
intravenous bolus of lidocaine followed by a continuous
infusion may convert the rhythm to sinus. Intravenous
amiodarone can be used in patients who are refractory to
lidocaine. Once the rhythm is controlled, attention is
directed toward identifying and correcting the underlying

cause. Synchronized cardioversion is necessary if the patient
is unstable.
Asymptomatic patients with slow ventricular rates and no
associated heart disease require no treatment. Various
antiarrhythmics can be used for chronic therapy, including
amiodarone, J3-blockers, flecainide, and propafenone (see
Chapter 7).175
Radiofrequency catheter ablation can be used to treat
some forms of VT, depending on the cause (right or left
ventricular outflow tract VT). Surgery to remove intracardiac tumors or to localize and cryoablate hamartomas is
advocated if the patient is symptomatic. Automatic internal
cardiac defibrillators (AICDs) are implanted in patients with
life-threatening ventricular tachycardia and fibrillation.
Patients with long QT syndrome should be treated with
chronic J3-blocker therapy and occasionally with anti bradycardia pacing. The development of torsade de pointes in
some of these patients has been shown to be adrenergic dependent-hence the importance of J3-blockers. Pacing
can help prevent bradycardia and "pause-dependent" torsade de pointes. J76 Treatment of hemodynamically significant torsade de pointes is intravenous magnesium.
Defibrillation is used in the patient with cardiovascular
collapse.
Ventricular Fibrillation. Ventricular fibrillation (VF)
results from erratic firing of multiple ectopic foci in the
ventricles, resulting in disorganized electrical activity,
ineffecti ve ventricular contraction, and death.
Etiology and Clinical Presentation. VF is uncommon in infants and children. It may occur in patients with
structural or functional heart disease or after prolonged
resuscitation attempts. VF results in pulselessness and
obvious cardiovascular collapse.
ECG Characteristics. An ECG without measurable
heart rate in which no P, QRS, or T waves can be
identified documents YF. An erratic, wavy baseline is
present (Fig. l8-37).
Critical Care Management. Cardiopulmonary resuscitation (CPR) is initiated to maintain circulation and
oxygenation while the defibrillator is readied. Rapid asynchronous defibrillation is performed up to three times
(2 watt-second/kg the first time and 4 watt-second/kg for

Fig. 18-37 Ventricular fibrillation. (From Curley MAQ: Pediatric cardiac dysrhythmias, Bowie, Md,
1985, Brady Communications, p 125. With permission of Appleton & Lange.)
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subsequent attempts). If YF persists, intravenous epinephrine (0.01 mg/kg) and lidocaine (I mg/kg) are administered
while CPR continues. Defibrillation (4 watt-second/kg) is
attempted 30 to 60 seconds after the medications are
administered. Persistent YF is treated with second doses of
epinephrine (0.1 to 0.2 mg/kg) and lidocaine (I mg/kg).
Epinephrine may be repeated every 3 to 5 minutes.
Bretylium (5 to 10 mg/kg) is considered. Defibrillation (4
watt-second/kg) is repeated 30 to 60 seconds after medication is administered 177 until YF is converted to sinus rhythm
or the situation is deemed hopeless and resuscitation
attempts are stop"ed.
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SUMMARY
Cardiovascular dysfunction may be the consequence of
cardiac rhythm disturbances or of structural, functional,
acquired heart diseases_ Heart failure, shock, or hypoxemia
are the potential final pathways. These phenomena are
multifaceted and can occur in any child in the PICU, not
only those with the primary diagnosis of heart disease. Care
of the critically ill child is optimized by attentive, accurate
cardiovascular assessment so that intervention is timely. A
sound knowledge base of cardiovascular pathophysiology is
important for any nurse caring for critically ill infants and
children.
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