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!"!  Organ system maturation, from birth through adolescence, affects physiologic function and 
therefore anesthetic and surgical management and outcome.

!"!  The understanding of congenital heart disease (CHD) and consequent anesthetic management 
is based on the pathophysiologic determinants of four categories of defects: shunts, mixing le-
sions, stenotic lesions, and regurgitant lesions.

!"!  The chronic sequelae of CHD (repaired, palliated, or unrepaired) affect anesthetic management: 
ventricular failure, residual hemodynamic effects (e.g., valve stenosis), arrhythmias, and pulmo-
nary blood flow changes (e.g., pulmonary artery hypertension).

!"!  Preoperative assessment of cardiac status and planning are the keys to a successful anesthesia 
outcome.

!"!  Intraoperative transesophageal echocardiography and central nervous system (CNS) monitor-
ing enhance surgical outcome and reduce morbidity.

!"!  The induction technique needs to consider degree of cardiac dysfunction, cardiac defects, level 
of sedation achieved with premedication, and the presence of an indwelling venous catheter. 
Other factors to be considered include pulmonary hypertension, electrical rhythm disorders, 
and other comorbidities.

!"!  The maintenance of anesthesia depends on the age and condition of the patient, the nature of 
the surgical procedure, the duration of cardiopulmonary bypass (CPB), and the need for post-
operative ventilation. It is usually desirable to return the patient to an arousable, sedated state 
with spontaneous ventilation at the end of the procedure.

!"!  The physiologic effects of CPB on neonates, infants, and children are significantly different from 
the effects on adults. During CPB, pediatric patients are exposed to biologic extremes not seen 
in adults, including deep hypothermia (18°C), increased hemodilution, low perfusion pressures, 
and wide variation in pump flow rates.

!"!  After repair of complex congenital heart defects, separating patients from CPB may be difficult. 
The causes may be an inadequate surgical result, pulmonary artery hypertension, low systemic 
vascular resistance, low hemoglobin, and right or left ventricular dysfunction

!"!  The use of modified ultrafiltration (MUF) reverses the deleterious effects of hemodilution and 
the inflammatory response associated with CPB in children. Furthermore, with MUF periopera-
tive blood loss and blood use are significantly reduced, left ventricular function and systolic 
blood pressure are improved, oxygen delivery is increased, and pulmonary compliance and 
brain function are also better.

!"!  Neonates, infants, and children undergoing cardiac surgery with CPB have a more frequent 
rate of postoperative bleeding than that seen in older patients. This is due to an inflammatory 
response that a disproportionate exposure to the nonendothelialized extracorporeal circuit 
produces, the type of surgery performed in neonates and infants that involves more extensive 
reconstruction and suture lines, the frequent utilization of deep hypothermia or circulatory ar-
rest, a more immature coagulation system in neonates, and an increased bleeding tendency in 
patients with cyanotic heart disease.

!"!  The management of the postoperative patient warrants an understanding of both normal and 
abnormal convalescence after anesthesia and cardiac surgery, as it is characterized by continu-
ous physiologic change.

!"!  The care of adults with CHD is a new and expanding field of medicine that requires the skilled 
management of an experienced multidisciplinary team.

!"!  Additional anesthetic considerations exist in patients with CHD who undergo transplanta-
tion, closed heart operations without CPB, cardiac interventional procedures, and noncardiac 
surgery.
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Cardiac surgery is an established and effective treatment for 
children with congenital heart defects. Early successes in 
surgical treatment led to a new therapeutic era in the man-
agement of congenital heart disease (CHD) and fostered the 
development of the subspecialties for pediatric cardiology 
and cardiac surgery and their collaboration. Through this 
cooperative effort, tremendous progress in medical diagno-
sis and surgical treatment has been achieved. In turn, these 
accomplishments gave rise to the development of pediatric 
cardiac anesthesiologists, individuals who understand the 
pathophysiology of congenital heart malformations, the 
diagnostic and surgical procedures used to treat heart dis-
ease, and the principles of pediatric and cardiac anesthesia 
and intensive care medicine. Pediatric cardiac anesthesia 
continues to evolve as an exciting and technically demand-
ing subspecialty in which anesthetic management is based 
on physiologic principles.

Cardiovascular surgery and anesthesia in CHD are often 
performed under unusual physiologic conditions. Rarely 
in clinical medicine are patients exposed to such biologic 
extremes as during surgery for CHD. Commonly, patients 
are cooled to 18°C, are acutely hemodiluted by more than 
50% of their extracellular fluid volume, and undergo peri-
ods of total circulatory arrest lasting up to 1 hour. Manage-
ment of patients under these physiologic extremes is a vital 
function of the pediatric cardiovascular anesthesiologist. As 
with other areas of medicine, the application and manage-
ment of technology preceded a comprehensive understand-
ing of its physiologic effects.

Clearly, the perioperative management of these complex 
cases requires a group of physicians (surgeon, anesthesi-
ologist, cardiologist, critical care specialist), nurses, and 
perfusionists to work as a team. Although the quality of 
the surgical repair, the effects of cardiopulmonary bypass 
(CPB), and postoperative care are the major determinants 
of outcome, meticulous anesthetic management is also 
imperative. Ideally, despite the complexity of the cases and 
the marked physiologic changes attributed to CPB and the 
surgical procedures, anesthetic care should never contrib-
ute substantially to morbidity or mortality.1 The challenge 
is to understand the principles underlying the management 
of patients with CHD and apply them to clinical anesthesia.

Unique Features of Pediatric 
Cardiac Anesthesia

Pediatric cardiovascular management is unique, with 
important differences from adult cardiac surgery (Box 
78.1). These differences are attributable to normal organ 
system maturation in the neonate and young infant, dif-
fering pathophysiologic conditions in CHD, the diversity of 
surgical repairs, and the use of specialized CPB techniques 
such as deep hypothermia, total circulatory arrest, cerebral 
regional perfusion, and three-region perfusion techniques.

PHYSIOLOGIC CONSIDERATIONS AND 
MATURATIONAL FEATURES OF THE PEDIATRIC 
PATIENT

The cardiovascular system changes markedly at birth 
because of a dramatic alteration in blood flow patterns 

(Fig. 78.1). During fetal life, blood flow returning to the 
right atrium (RA) bypasses the unventilated fluid-filled 
lungs. Blood is then preferentially shunted across the pat-
ent foramen ovale into the left atrium (LA) or passes from 
the right ventricle (RV) across the patent ductus arteriosus 
(PDA) to the systemic circulation. At birth, physiologic clo-
sure of the PDA and of the foramen ovale brings about the 
normal adult circulatory pattern. The presence of certain 
congenital heart defects or pulmonary disease can disrupt 
this normal adaptive process, creating a transitional cir-
culation in which right-to-left shunting persists across the 
foramen ovale or the PDA. Under such circumstances, the 
continued presence of a transitional circulation can lead 
to severe hypoxemia, acidosis, and hemodynamic instabil-
ity, which are poorly tolerated in the neonate. In contrast, 
when initially treating some forms of CHD, the prolonga-
tion of this transitional circulation is actually beneficial, 
promoting systemic blood flow or pulmonary blood flow 
(PBF) and postnatal viability. An example of the latter is 
pulmonary atresia, in which PBF is supplied via the PDA. In 
the absence of collateral vessels, closure of the PDA elimi-
nates the principal source of PBF, resulting in hypoxemia 
and death. In such patients, ductal patency can be main-
tained with the administration of prostaglandin E1. Impor-
tantly, the transitional circulation can be manipulated by 
pharmacologic and ventilatory strategies, thereby promot-
ing hemodynamic stability.

Patient

Normal organ system development and maturational changes of 
infancy
Cardiovascular: Blood flow patterns of circulation at birth, myo-

cardial compliance, systemic and pulmonary vasculature, and 
#-adrenergic receptors

Pulmonary: Respiratory quotient, closing capacity, chest compli-
ance

Central nervous system: Brain growth, cerebral blood flow, auto-
nomic regulation

Renal: Glomerular filtration rate, creatinine clearance
Hepatic: Liver blood flow, microsomal enzyme activity

Disease and growth interrelationship
Effects of systemic disease alter somatic and organ growth
Compensatory ability of developing organs to recover from injury
Immunologic immaturity of the infant
Obligatory miniaturization (i.e., small patient size and body sur-

face area)!
Congenital Heart Disease

Diverse anatomic defects and physiologic changes
Altered ventricular remodeling owing to myocardial hypertrophy 

and ischemia
Chronic sequelae of congenital cardiac disease!
Surgical Procedures

Diversity of operations
Frequent intracardiac and right ventricular procedures
Use of deep hypothermia and circulatory arrest during repair
Trend toward repair in early infancy
Evolution of surgical techniques to avoid residua and sequelae
Trend toward wider application of certain operations

BOX 78.1 Unique Characteristics of 
Pediatric Cardiac Anesthesia
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Another unique feature of the normal neonatal and 
infant cardiovascular system is the reduced myocardial 
reserve in contrast to that in the healthy adult. The new-
born left ventricular function is restricted by a reduced 
number of $-adrenergic receptors, high resting levels of cir-
culating catecholamines, limited recruitable stroke work, 
an immature calcium transport system, and decreased 
ventricular compliance.2 These factors limit contractile 
reserve with the result of a left ventricle (LV) with a high 
level of resting tone. Although the resting performance of 
the neonatal myocardium may be greater than in adults 
and older children, sensitivity to #-blockade is greater and 
only modest increases occur in cardiac performance after 
administration of the #-agonist drugs dobutamine and 
isoproterenol.3 Furthermore, the contractile mass of the 
heart is effectively reduced, resulting in a ventricle with 

low compliance. Preload augmentation is effective at low 
filling pressures (1-7 mm Hg). However, when left-sided 
filling pressures exceed 7 to 10 mm Hg, further increases 
in left ventricular stroke volume are minimal.2 As a con-
sequence, neonates are more dependent on heart rate and, 
to a lesser extent, on preload, to maintain cardiac output at 
filling pressures of 7 to 10 mm Hg or greater.4 Additionally, 
the calcium transport system in the neonatal myocardium 
is underdeveloped. The neonatal heart therefore depends 
more on extracellular calcium levels than the adult myo-
cardium,5,6 and normal or even elevated plasma levels of 
ionized calcium may be necessary to augment or maintain 
an effective stroke volume. This is in contrast to adult car-
diac patients, in whom calcium use during cardiac surgery 
has fallen into some disfavor, owing to direct concerns over 
myocardial ischemia and reperfusion injury.
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Fig. 78.1 Course of the fetal circulation in late gestation. Note the selective blood flow patterns across the foramen ovale and the ductus arteriosus.
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Another unique feature relates to the pulmonary circu-
lation. The pulmonary circulation undergoes significant 
changes during the first months of life. In the immediate 
newborn period, the large decrease in pulmonary vascular 
resistance (PVR) is due to lung expansion and the vasodi-
latory effects of a higher PaO2 than existed in utero. Fur-
ther decline in PVR throughout the next 2 months of life is 
attributable to regression of the smooth muscle layer in the 
pulmonary arterioles. A corresponding decrease in pulmo-
nary artery pressure occurs as PVR declines. Acute physi-
ologic stress in the newborn period, such as hypoxemia or 
acidosis, may increase pulmonary artery pressure and thus 
PVR. If the resulting right ventricular hypertension causes 
reduced right ventricular compliance, right-to-left shunt-
ing can occur at the foramen ovale. Once PVR exceeds 
systemic vascular resistance (SVR), right-to-left shunting 
develops at the PDA. Either phenomenon will worsen the 
hypoxemia and eventually limit tissue oxygen (O2) delivery. 
In contrast, left-to-right shunts, such as those present with 
a ventricular septal defect (VSD), increase PBF which over 
time produces intimal changes in the pulmonary vascula-
ture, delaying regression of medial muscle hypertrophy and 
producing persistent elevation of PVR.

Size differences between adult and pediatric cardiac 
patients require different anesthetic techniques and min-
iaturization. Anatomically, pediatric patients have smaller 
upper and lower airways, smaller veins and arteries, and 
decreased body surface area compared to adult patients; 
these differences have anesthetic implications. Availabil-
ity of ultrasound has made placement of arterial catheters 
more expedient, even in the smallest patients, reducing the 
need for arterial cutdown. Pulmonary artery catheters are 
used infrequently because of technical difficulties in posi-
tioning the tip in the pulmonary artery and because of the 
fundamental fact that pulmonary flow bears no obligatory 
relationship to systemic output in children with either intra-
cardiac or extracardiac communications. Transthoracic 
catheters for pressure monitoring and delivery of vasoactive 
substances may be placed from the surgical field instead of 
percutaneous approach via the neck. Adequacy of surgical 
repair and function is assessed by transesophageal echocar-
diography (TEE) with Doppler color flow imaging with min-
iaturized probes.7,8

Patient size also influences CPB management. The ratio 
of pump priming volume to patient blood volume is con-
siderably higher in small children than in adults, resulting 
in a greater degree of hemodilution. Several studies dem-
onstrated a heightened inflammatory response to CPB in 
children in contrast to in adults,9 related to the dispropor-
tionate exposure of the child’s blood elements to the nonen-
dothelialized surfaces of the pump circuit per body surface 
area.

In pediatric patients with CHD, the cardiovascular sys-
tem often represents the sole cause of the medical problem. 
A special disease and growth interrelationship, unique to 
growing infants and children, permits developing organs 
to compensate for and modify existing disease processes. 
Reparative and recuperative processes in children are 
greater as a result of this compensatory ability of developing 
organ systems. Despite adaptation to their cardiovascular 
pathologic processes CHD pediatric patients do experience 

detrimental and sometimes permanent effects on somatic 
growth and on the growth and development of the brain, 
myocardium, and lung.

The premature infant with CHD deserves special consid-
eration. Premature infants are classified as low birth weight 
(31-34 weeks, 1-1.5 kg), very low birth weight (26-30 
weeks, 600 g-1 kg), and extremely low birth weight (<26 
weeks, 400-600 g). Respiratory failure is common and 
multifactorial. The small airways are prone to obstruc-
tion, which results in increased airway resistance and work 
of breathing with easy fatigability. Lung compliance is 
reduced because of a deficiency of surfactant, resulting in 
intrapulmonary shunting and ventilation-perfusion mis-
match. Mechanical ventilation prevents alveolar collapse, 
maintains patency of the airway, and maintains lung vol-
ume, preventing hypoxia, but must be used cautiously as 
premature lungs are susceptible to barotrauma and oxidant 
injury. Ventilatory strategies for lung protection include 
reduced peak inspiratory pressures and the lowest inspired 
oxygen concentration that produces reasonable levels of 
oxygenation.

Premature infants are also prone to perioperative peri-
ods of apnea that may be central in origin or obstructive, 
either of which can be aggravated by anesthetic drugs. 
Apnea may also be precipitated by abrupt changes in oxy-
genation or pulmonary mechanics, brain hemorrhage, and 
hypothermia. After emergence from anesthesia, sustained 
apnea may occur and persist for up to 48 hours. Continu-
ous apnea and saturation monitoring with correction of 
anemia (hematocrit > 30) and intravenous administration 
of caffeine are therapeutic options. The incidence of post-
operative apnea is related to postconceptional and gesta-
tional age, the presence of anemia, and the type of surgical 
procedure.

Cardiac pathophysiology can compound respiratory 
concerns. The premature heart is a poorly contractile 
organ with poor diastolic function, and is sensitive to 
changes in intracellular calcium. Cardiac output depends 
chiefly on heart rate, with marginal reserve. The prema-
ture infant also has a relatively low absolute blood volume 
and tolerates blood loss poorly. Autoregulation is not well 
developed, and blood loss compromises cerebral and cor-
onary flow before other manifestations of hypovolemia. 
However, fluid overload is also not well tolerated. Patency 
of the ductus arteriosus results in left-to-right shunting 
and pulmonary overcirculation with heart failure (HF). If 
uncorrected, this would result in pulmonary hypertension 
secondary to the development of pulmonary vascular inti-
mal hypertrophy.

Thermoregulation by nonshivering thermogenesis 
is also poor owing to inadequate stores of brown fat in 
prematurity. It is critical to maintain normothermia by 
increasing the operating room temperature, using incu-
bators for transport, warming and humidifying respira-
tory gases, and warming all intravenous fluids. Glycemic 
control is difficult, with a tendency to both hypoglycemia 
and hyperglycemia. Frequent glucose checks are impor-
tant. Parenteral glucose solutions should be continued 
in the perioperative period. Premature infants are also 
prone to retinopathy of prematurity with high inspired O2 
concentrations and intraventricular hemorrhage. Every 
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attempt should be made to avoid hemodynamic pertur-
bances and fluctuation in O2 saturations. In general, 
immaturity of organ systems results in both increased 
drug effect and duration of action, warranting careful 
titration of drugs.

Premature infants have a twofold increase in cardio-
vascular malformations compared with term infants.10 
One in six infants with CHD, not including those with 
PDA or atrial septal defect (ASD), is born prematurely. 
Some malformations such as tetralogy of Fallot (TOF), 
pulmonary stenosis, pulmonary atresia with VSD, com-
plete atrioventricular (AV) septal defect, large VSDs in 
isolation or associated with coarctation, and aortic steno-
sis are more prevalent in this population.11A significant 
increase in the likelihood of being small for gestational 
age is seen among infants with TOF, complete AV sep-
tal defect, hypoplastic left heart, pulmonary stenosis, or 
large VSD.12

While cardiac catheterization, intervention, and com-
plete surgical repair in the newborn of very low birth 
weight (<1.5 kg) can be successfully undertaken with low 
risk, it is notable that given the complexity of premature 
organ systems and superimposed cardiorespiratory patho-
physiology, morbidity and mortality are increased.13,14 
Low-birth-weight neonates with complex single ventricle 
disease undergoing surgical palliation have a significant 
mortality risk.15,16 Interventional catheterization in pre-
mature infants is associated with a higher risk for com-
plications related to vascular access, arrhythmias, and 
respiratory compromise.13 Maintenance of euglycemia and 
normothermia and attention to fluid and electrolyte bal-
ance are important. O2 delivery is optimized by maintaining 
age-appropriate blood pressures, adequate intravascular 
volume, and hematocrit. Any acidosis must be sought and 
aggressively corrected. Whenever possible, such infants 
should recover in a specialized pediatric cardiac intensive 
care unit (ICU).!

CONGENITAL HEART DISEASE

The marked array of anatomic and physiologic conditions 
seen with CHD distinguishes these processes from acquired 
adult cardiac disease. The spectrum of intracardiac shunts, 
valve pathologies, disrupted great artery connections, and 
the absence of one or more chambers of the heart preclude 
a uniform anesthetic approach to patients with CHD. More-
over, myocardial changes result from the hemodynamic 
impact and increased cardiac work incurred by these 
defects. Functionally, these myocardial changes place the 
ventricles at great risk for the development of intraopera-
tive ischemia and failure. Therefore, an understanding of 
the isolated defect, associated myocardial changes, and 
hemodynamic consequences is fundamental to planning an 
appropriate anesthetic regimen. Distilling CHD into a finite 
number of physiologic categories enables the anesthesiolo-
gist to construct a strategy that employs the qualitatively 
predictable impact of drugs, ventilatory management, and 
fluid administration to optimize cardiovascular perfor-
mance. Although an isolated heart malformation may be 
identified, the entire cardiopulmonary system is usually 
affected.

Physiologic Approach to Congenital Heart Disease
Although the structural variations seen in CHD constitute 
an encyclopedic list of malformations, anesthetic man-
agement is more logically designed to achieve physiologic 
goals. A general physiologic classification is listed in Table 
78.1. Fortunately, although structurally complex, these 
defects can be understood within a more limited physi-
ologic spectrum. Identification and classification on the 
basis of physiology provide an organized framework for 
the intraoperative anesthetic management and postop-
erative care of children with complex congenital cardiac 
defects. In general, congenital heart lesions fit into one of 
four categories: shunts, mixing lesions, flow obstruction, 
and regurgitant valves (see Table 78.1). Each category 
imposes at least one of three pathophysiologic states: 
ventricular volume overload, ventricular pressure over-
load, or hypoxemia. Ultimately, these pathophysiologic 
conditions can result in myocardial failure or pulmo-
nary vascular disease. Medical and surgical perioperative 

TABLE 78.1 Classification of Congenital Heart Defects

Physiologic  
Classification

Pulmonary  
Blood Flow Comments

Left-to-right shunts

 VSD % Volume-overloaded 
ventricle

 ASD Development of CHF
 PDA
 AV canal

Right-to-left shunts

 Tetralogy of Fallot 
(TOF)

& Pressure-overloaded 
ventricle

 Pulmonary atresia/VSD Cyanotic
 Eisenmenger complex Hypoxemia

Mixing lesions

 Transposition/VSD Generally& but 
variable 
Q̇p/Q̇s

Variable pressure ver-
sus volume loaded

 Tricuspid atresia Usually cyanotic
 Anomalous venous 

return
 Univentricular heart

Obstructive lesions

 Interrupted aortic arch Ventricular dysfunction
 Critical aortic stenosis Pressure-overloaded 

ventricle
 Critical pulmonic 

stenosis
Ductal dependence

 Hypoplastic left heart 
syndrome

 Coarctation of the aorta
 Mitral stenosis

Regurgitant lesions

 Ebstein anomaly Volume-overloaded 
ventricle

Other secondary causes Development of CHF

ASD, Atrial septal defect; AV, atrioventricular; CHF, congestive heart failure; 
PDA, patent ductus arteriosus; Ḟe , pulmonary blood flow; Ḟh, systemic 
blood flow; VSD, ventricular septal defect.
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management strategies focus on minimizing the patho-
physiologic consequences of these lesions.

Shunt Lesions. Shunts are intracardiac connections 
between chambers (e.g., ASD or VSD) or extracardiac 
connections between a systemic and pulmonary artery 
(e.g., PDA). The direction of blood flow through the shunt 
depends on the relative resistances on either side of the 
shunt and on the size of the shunt orifice. The direction and 
magnitude of shunt at the atrial level are additionally gov-
erned by the relative differences in ventricular compliance 
and respective AV valve function. With a nonrestrictive 
VSD or PDA that does not impede blood in either direc-
tion, the main determinant of the direction of blood flow 
is relative resistance between the pulmonary and systemic 
vascular beds. The effect that a shunt lesion has on the car-
diovascular system depends on both the size of the shunt 
and its direction.

Left-to-right shunts occur when the PVR is lower than 
the SVR, so that blood flow is preferentially directed toward 
the lungs, resulting in increased PBF. In patients with large 
left-to-right shunts and low PVR, this increase in PBF can be 
substantial and result in three pathophysiologic problems: 
(1) congestion of the pulmonary circulation; (2) intravascu-
lar volume overload with resulting increased cardiac work 
for the LV; and (3) excessive PBF, resulting in progressive 
elevation in PVR. Volume overload causes ventricular dila-
tion that places the heart at a mechanical and physiologic 
disadvantage, resulting in reduced diastolic compliance. 
Diastolic changes lead to engorgement of the respective 
venous beds, which produces the signs and symptoms of 
clinical congestive heart failure (CHF) early in the natu-
ral history of volume-overload condition. The demand for 
increased cardiac output placed on the LV is limited in the 
infant by virtue of its immature structure, so that large left-
to-right shunts may outstrip the capacity of the left side of 
the heart to maintain adequate systemic perfusion.

Surgical closure of a hemodynamically significant VSD 
usually provides immediate benefit by dramatically lower-
ing left ventricular volume output demands. Occasionally, 
the sudden increase in wall stress imposed on a dilated ven-
tricle that must now pump solely against SVR can produce 
worsening ventricular failure during the early postopera-
tive period after eliminating the low-resistance “pop off” 
into the pulmonary circulation. If the left-to-right shunt is 
not repaired, prolonged exposure to increased PBF results 
in progressive elevations in PVR. Fixed changes in pulmo-
nary arterioles may occur, leading to pulmonary vascular 
obstructive disease, which may become irreversible. Table 
78.1 lists common left-to-right shunt lesions.

Right-to-left shunts occur when pulmonary vascular 
or right ventricular outflow tract resistance exceeds SVR, 
thereby reducing PBF. The systemic circulation receives an 
admixture of deoxygenated blood via the shunt. This mani-
fests clinically as cyanosis and hypoxemia. Pure right-to-left 
shunting resulting from increased PVR is seen in the Eisen-
menger complex and persistent pulmonary hypertension of 
the newborn with shunt at both the atrial and ductal lev-
els. More commonly, PVR is low, and the right-to-left shunt 
is produced by a more complex lesion with obstruction of 
pulmonary outflow proximal to the pulmonary vascula-
ture. A classic example of right-to-left shunt is TOF, where 

shunting occurs through the VSD because of pulmonary 
outflow obstruction. Systemic perfusion is generally nor-
mal with right-to-left shunting lesions unless hypoxemia 
becomes severe enough to impair O2 delivery to tissues. 
Right-to-left shunting produces two pathophysiologic prob-
lems: (1) reduced PBF resulting in systemic hypoxemia and 
cyanosis, and (2) increased impedance to right ventricular 
ejection, which may ultimately lead to ventricular dysfunc-
tion and RV failure. However, the physiologic mechanisms 
designed to compensate for pressure overload rarely create 
abnormalities in systolic or diastolic function early in the 
natural history of the disease process. In contrast to lesions 
that produce excessive ventricular volume, lesions that 
produce isolated pressure overload typically require years 
to cause ventricular dysfunction and failure.!

Mixing Lesions. Mixing lesions constitute the largest 
group of cyanotic congenital heart defects (see Table 78.1). 
In these defects, the mixing between the pulmonary and 
the systemic circulation is so large that the systemic and 
pulmonary artery O2 saturations approach each other. The 
pulmonary-to-systemic flow ratio 2̇Q�2̇T is independent of 
shunt size, and is completely dependent on vascular resis-
tance or outflow obstruction. The pulmonary and systemic 
circulations tend to be in parallel with one another rather 
than in series (see Table 78.1). In patients with no outflow 
obstruction, flow to the systemic or pulmonary circulation 
depends on the relative vascular resistances of both circuits, 
such as with univentricular hearts or double-outlet RV. If 
SVR exceeds PVR, as in the typical circumstance, the ten-
dency is toward excessive PBF, and the predominant patho-
physiologic process is left-to-right shunting. These patients 
have increased PBF, ventricular volume overload, and a 
gradual elevation of PVR over time. If PVR exceeds SVR, 
as may occur episodically in ductal-dependent lesions such 
as hypoplastic left heart syndrome (HLHS), systemic blood 
flow predominates and PBF dramatically decreases, caus-
ing hypoxemia (Table 78.2).

In patients with a mixing lesion and left ventricular 
outflow obstruction, PBF may be sufficiently excessive to 
impair systemic perfusion. In patients with mixing lesions 
and a right ventricular outflow obstruction, such as a sin-
gle ventricle with subpulmonic stenosis, systemic-to-pul-
monary flow can vary from balanced flow to significantly 
decreased PBF in which the severity of hypoxemia depends 
on the degree of obstruction. Typical mixing lesions include 
truncus arteriosus, univentricular heart, total anomalous 
pulmonary venous return, pulmonary atresia with large 
VSD, and single atrium.!

TABLE 78.2 Ductal-Dependent Lesions

PDA Provides Systemic Flow PDA Provides Pulmonary Flow

Coarctation of the aorta Pulmonary atresia

Interrupted aortic arch Critical pulmonary stenosis

Hypoplastic left heart syndrome Severe subpulmonic stenosis with 
VSD

Critical aortic stenosis Tricuspid atresia with pulmonic 
stenosis

PDA, Patent ductus arteriosus; VSD, ventricular septal defect.
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Obstructive Lesions. Obstructive lesions range from mild 
to severe. Severe lesions manifest in the newborn period 
with a pressure-overloaded, diminutive, or profoundly 
dysfunctional ventricle proximal to the obstruction. Such 
lesions include critical aortic stenosis, critical pulmonic 
stenosis, coarctation of the aorta, and interrupted aortic 
arch. Although aortic and pulmonary atresia represent the 
most extreme variants of outflow tract obstruction, they 
are associated with such significant hypoplasia of the ven-
tricle (HLHS and pulmonary atresia with intact ventricular 
septum, respectively) that the ventricle’s function does not 
contribute to the circulatory physiology. As with other crit-
ical obstructive lesions, these extreme variants have ductal-
dependent circulations, but beyond that similarity they 
are perhaps better understood as univentricular hearts for 
which the management characteristics of a mixing lesion 
dominate in importance.

In critical neonatal left-sided obstructive defects, sys-
temic perfusion depends on desaturated blood flow from 
the RV via the PDA; the coronary perfusion is supplied by 
retrograde flow from the descending aorta (see Table 78.2). 
In right-sided lesions, PBF is supplied from the aorta via the 
PDA and right ventricular function is impaired.

Pathophysiologic problems in critical neonatal left-
sided heart obstructive lesions include (1) profound left 
ventricular failure, (2) impaired coronary perfusion with 
an increased incidence of ventricular ectopy, (3) systemic 
hypotension, (4) PDA-dependent systemic circulation, and 
(5) systemic hypoxemia. The pathophysiologic problems 
in critical neonatal right-sided heart obstructive lesions 
include (1) right ventricular dysfunction, (2) decreased 
PBF, (3) systemic hypoxemia, and (4) PDA-dependent PBF. 
Apart from the most extreme variants that become evident 
in the neonatal period, infants and children with outflow 
obstruction (e.g., mild-to-moderate aortic or pulmonary 
stenosis, coarctation of the aorta) manifest compensatory 
mechanisms for pressure overload, and often remain clini-
cally asymptomatic for many years.!

Regurgitant Valves. Regurgitant valves are uncommon 
as primary congenital defects. Ebstein malformation of the 
tricuspid valve is the only pure regurgitant defect manifest-
ing in the newborn period. However, regurgitant lesions are 
frequently associated with an abnormality of valve struc-
ture, such as incomplete or partial AV canal defect, truncus 
arteriosus, and TOF with an absent pulmonary valve. The 
pathophysiology of regurgitant lesions includes (1) vol-
ume-overloaded circulation and therefore (2) progression 
toward ventricular dilation and failure.

When considering the incidence of all the congenital 
heart defects, three uncomplicated left-to-right shunts 
(VSD, ASD, PDA) and two obstructive lesions (pulmonic 
stenosis, aortic coarctation) constitute 60% of all congeni-
tal cardiac defects. Mixing lesions, complicated obstructive 
defects, and right-to-left shunting lesions account for the 
vast majority of the remaining 40%. The latter group of 
defects, which are more difficult to manage, have a signifi-
cantly higher morbidity and mortality rate.!

Chronic Consequences of Congenital Heart Dis-
ease. The chronic effects of CHD are a consequence of the 

imposed hemodynamic stress of the defect or the residua 
and sequelae after cardiac surgery. These effects continue to 
alter normal growth and development of the cardiovascular 
system and other organ systems throughout life. Complete 
surgical cures are rarely achieved, and some repairs are 
palliative rather than corrective; therefore, abnormalities 
before and after repair produce long-term effects in patients 
with CHD.17 Many of the abnormalities are trivial and have 
no major import. Others affect major organ system pro-
cesses, such as ventricular function, the conduction system 
of the heart, central nervous system (CNS) growth, or PBF. 
Whether anesthetizing these patients for their primary or 
subsequent cardiac repair or for noncardiac surgery, these 
chronic changes should be ascertained and reflected in the 
anesthetic plan.

The myocardium is continually remodeled by specific 
hemodynamic stresses in utero and throughout life. Abnor-
mal hemodynamic loading conditions associated with CHD 
interrupt the normal ventricular modeling process (Fig. 
78.2).18 Abnormal ventricular remodeling typically begins 
in utero and stimulates an increase in ventricular mass. 
Increased ventricular mass is due to both hyperplasia and 
hypertrophy of myocytes in response to altered wall stress 
on the developing ventricle. The resultant biomechanical 
deformation of the ventricle alters its geometry, affecting 
normal systolic and diastolic function.

A

B  

Fig. 78.2 Comparison of ventricular hypertrophy patterns demon-
strating altered ventricular remodeling in two different congeni-
tal heart defects. (A) Note the right ventricular hypertrophy and the 
diminutive left ventricle in tetralogy of Fallot. (B) Note the severe left 
ventricular hypertrophy and septal bulging into the right ventricle in 
aortic stenosis.
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Abnormalities of ventricular performance at rest and 
with exercise can be detected in patients with chronic 
hemodynamic overload and complex cyanotic lesions. 
These abnormalities in ventricular function are the conse-
quences of chronic ventricular overload, repeated episodes 
of myocardial ischemia, and residua or sequelae of surgical 
treatment (ventriculotomy, altered coronary artery supply, 
inadequate myocardial protection). Although chronic vol-
ume or pressure overload of the LV results in CHF, the com-
pensatory mechanisms for pressure overload create less 
physiologic disturbance than volume overload, particularly 
in diastolic function. Consequently, CHF occurs later in the 
natural history of isolated obstructive lesions that do not 
require treatment in the neonatal period. Similarly, chronic 
right ventricular volume overload as seen in pulmonic 
insufficiency after TOF repair is more likely to be associated 
with chronic ventricular dysfunction and failure than a 
pressure-loaded RV that manifests with residual pulmonic 
stenosis. In fact, the most potent combination for inducing 
ventricular dysfunction and failure occurs when a pressure 
overload is superimposed on a dilated, volume-overloaded 
ventricle (e.g., postoperative TOF with pulmonary insuffi-
ciency and branch pulmonary artery stenosis).

Initial manifestations of CHF reflect alterations in ven-
tricular compliance that result from a variety of biophysical 
responses to abnormal loading conditions. The ventricular 
dilation and compensatory hypertrophy that accompany 
excessive intravascular volume provide effective compensa-
tion to preserve normal systolic wall stress, but alterations 
in diastolic wall stress become evident (Fig. 78.3). Ulti-
mately, chronic or severe pressure overload causes similar 
changes as the resultant myocardial hypertrophy outgrows 

vascular supply and results in ischemia and fibroblast pro-
liferation. Permanent changes in myocardial structure and 
function are the end result.

In patients with cyanotic heart defects, the long-term 
compensation for chronic hypoxemia is major redistri-
bution of organ perfusion with selected blood flow to the 
heart, brain, and kidney and decreased flow to the splanch-
nic circulation, skin, muscle, and bone. Chronic hypox-
emia is associated with increased work of breathing in an 
attempt to increase O2 uptake and delivery. The most dra-
matic complications are decreased rate of somatic growth, 
increased metabolic rate, and an increase in hemoglobin 
concentrations.

Congenital syndromes may have associated CHD that 
will influence long-term outcome (Table 78.3).!

Surgical Procedures and Special Techniques. The ulti-
mate objectives for congenital heart surgery are (1) physi-
ologic separation of the circulation, (2) relief of outflow 
obstruction, (3) preservation or restoration of ventricular 
mass and function, (4) normalization of life expectancy, 
and (5) maintenance of quality of life. The available surgical 
procedures to accomplish these objectives are diverse and 
complex (Table 78.4). In general, operations performed for 
congenital heart defects can be divided into corrective and 
palliative procedures. The type and timing of repair depend 
on the age of the patient, the specific anatomic defect, and 
the experience of the surgeon and the team (see Table 78.4).

Palliation in infancy is usually performed when ana-
tomic parts are missing, as in pulmonary atresia (absent RV 
and pulmonary artery), tricuspid atresia (absent RV and 
tricuspid valve), HLHS (aortic atresia and hypoplastic LV), 
univentricular heart (absent RV or LV), and mitral atresia 
(absent LV). These palliative procedures can be further sub-
divided into those that increase PBF, those that decrease 
PBF, and those that increase mixing (see Table 78.4). 
Palliative procedures that increase PBF include shunts 
(Blalock-Taussig, central, and Glenn), outflow patch, and 
enlargement of the VSD. Those that decrease PBF include 
pulmonary artery banding and ligation of a PDA. Those 
that improve intracardiac mixing include atrial septostomy 
(balloon, blade, and Blalock-Hanlon).

The improvements in surgical technique, coupled with 
advancements in anesthetic and technologic support, 
make repair in early infancy not only feasible but in many 
cases preferable.19,20 Currently, repair in infancy can be 
offered for a number of congenital heart defects, as shown 
in Table 78.4. The timing of surgical intervention reflects 
medical necessity, physiologic and technical feasibility, 
and optimal outcome. Cardiac defects that require a PDA 
to sustain sufficient systemic blood flow or PBF (e.g., pul-
monary atresia, HLHS, interrupted aortic arch, critical 
aortic stenosis, and critical pulmonic stenosis) require an 
intervention in the neonatal period. A variety of defects 
are optimally repaired in early infancy. Lesions such as 
transposition of the great arteries (TGA) may exhibit bet-
ter left ventricular function if the arterial switch operation 
is performed in the first few weeks of life when the PVR 
has recently been high enough to increase left ventricular 
systolic pressure, whereas other repairs may manifest less 
volatile postoperative physiology if deferred a few weeks 
or months until PVR has consistently fallen (e.g., TOF, AV 
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Fig. 78.3 Changes in ventricular physiology that accompany 
abnormal pressure and volume loading in human adolescents and 
adults. Schematic diagram represents the changes in cross-sectional 
ventricular geometry that accompany abnormal pressure and vol-
ume loads. Data are measured and derived from catheterization and 
echocardiography of 30 adolescent and adult human subjects. Pres-
sure overload triggers significant increases in wall thickness and wall 
thickness-to-radius ratio (h/r), but these compensatory mechanisms 
preserve ' within normal limits. Whereas volume overload causes dila-
tion and enough hypertrophy to preserve normal 'S, diastolic function 
deteriorates significantly. *P = .01. !d, End-diastolic wall stress; !s, peak 
systolic wall stress; h, wall thickness (mm); LVp, left ventricular pressure; 
r, radius of the left ventricular chamber. (From Grossman W, Jones D, 
McLaurin LP. Wall stress and patterns of hypertrophy in the human left 
ventricle. J Clin Invest. 1975;56[1]:56–64.)
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canal defect). Each defect may have mitigating factors for 
which deferred definitive repair will enable an optimal sur-
gical result (e.g., TOF with aberrant coronary branching 
pattern or multiple VSDs; TGA with VSD and severe left 
ventricular outflow tract obstruction).

Pediatric cardiovascular surgery aims to preferentially 
repair defects in infancy rather than palliate.21 This trend 
reflects improved technical capabilities coupled with a 
desire to limit the morbidity and mortality associated 
with long-term medical management and the sequelae 

TABLE 78.3 Syndromes Associated with Congenital Heart Disease

Syndrome Lesion Cardiac Lesion Comments

SYNDROMES WITH AIRWAY ISSUES AND CHD

CHARGE syndrome (association) VSD, ASD, PDA, TOF Micrognathia, possible difficult airway

Edwards syndrome Trisomy 18 VSD, ASD, PDA Micrognathia, small mouth, difficult intubation

Di George sequence Microdeletion 22q11.2 Aortic arch and conotruncal lesions Short trachea—tendency to endobronchial 
intubation

Goldenhar syndrome VSD, PDA, TOF, CoA Maxillary and mandibular hypoplasia, C-spine 
anomalies—difficult intubation

Hurler syndrome MPS 1, storage disorder Multivalvular disease, CAD, cardio-
myopathy

Macroglossia, short neck—extremely difficult 
intubation

Noonan syndrome PS, ASD, cardiomyopathy Short webbed neck, macrognathia—difficult 
intubation

Turner syndrome Monosomy X LVOT O, AS, HLHS, CoA Micrognathia, webbed neck—difficult intuba-
tion

VATER association VSD, TOF, ASD, PDA Potential for difficult intubation

SYNDROMES WITH RISK FOR ARRHYTHMIAS

Long QT syndrome (LQTS) Torsade de pointes, SCD

Brugada syndrome VT/VF/SCD

Arrhythmogenic right ventricular 
dysplasia (ARVD)

VT/SCD

Catecholaminergic polymorphic 
ventricular tachycardia

Polymorphic VT/SCD

Wolff-Parkinson-White syndrome SVT

Maternal lupus CCHB in the newborn

CHROMOSOMAL DISORDERS ASSOCIATED WITH CHD

Down syndrome Trisomy 21 VSD, ASD, CAVC

Edwards syndrome Trisomy 18 VSD, ASD, PDA

Patau syndrome Trisomy 13 VSD, PDA, ASD

Turner syndrome Monosomy X LVOT O, AS, HLHS, CoA

3p!syndrome Deletion 3p CAVC

Cri du chat syndrome Deletion 4p Variable

8p!syndrome Deletion 8p CAVC

9p!syndrome Deletion 9p VSD, PDA, PS

Williams syndrome Microdeletion 7q11 SVAS, SVPS, branch PS

Smith-Magenis syndrome Microdeletion 17p11.2 ASD, VSD, PS, AV valve  
malformations

Miller-Dieker syndrome Microdeletion 17p13.3 TOF, VSD, PS

CHARGE association VSD, ASD, PDA, TOF Coloboma, heart, choanal atresia, retardation, 
genital and ear anomalies

AS, Atrial stenosis; ASD, atrial septal defect; AV, atrioventricular; CAD, coronary artery disease; CAVC, complete atrioventricular canal; CCHB, congenital complete heart 
block; CHARGE, coloboma of the eye, heart defects, atresia of the nasal choanae, restriction of growth and/or development, genital and/or urinary abnormalities, 
and ear abnormalities and deafness; CHD, congenital heart disease; CoA, coarctation of the aorta; HLHS, hypoplastic left heart syndrome; LVOT O, left ventricular 
outlet obstruction; MPS 1, mucopolysaccharidosis type 1; PDA, patent ductus arteriosus; PS, pulmonary stenosis; SCD, sudden cardiac death; SVAS, supraven-
tricular aortic stenosis; SVPS, supravalvular pulmonic stenosis; SVT, supraventricular stenosis; TOF, tetralogy of Fallot; VATER, vertebral defects, imperforate anus, 
tracheoesophageal fistula, and radial and renal dysplasia; VSD, ventricular septal defect; VT/VF, ventricular tachycardia/ventricular fibrillation.

Downloaded for Damon dr68 (damondr68@gmail.com) at Hacettepe University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



SECTION V • Pediatric Anesthesia2468

of multiple palliative operations. Early correction should 
decrease the incidence of the chronic complications of 
CHD, such as the problems associated with ventricular 
overload, cyanosis, and pulmonary vascular obstructive 
disease.22 Early repair also may have the selective advan-
tage of enhancing organ system protection during repair 
because of poorly understood factors promoting resistance 
to injury and enhanced recovery potential (i.e., enhanced 
plasticity). With the continued improvement in surgical 
techniques and the early treatment of CHD, specific organ 
systems such as the brain, heart, and lungs will be spared 
the detrimental effects of chronic derangements of hemo-
dynamics and O2 delivery.

Procedures for the treatment of CHD continue to evolve 
to decrease long-term morbidity and enhance survival. 
For example, the long-term problems with right ventricu-
lar dysfunction and failure associated with the Mustard 
procedure for repair of TGA encouraged many surgical 
groups to develop the neonatal arterial switch operation, 

which probably provides an anatomic correction with bet-
ter long-term results. A second example of the continuing 
evolution of technique is surgery for TOF. Long-standing 
pulmonary insufficiency after right ventricular outflow 
repair for TOF is associated with right ventricular dys-
function and failure. Preservation of the pulmonary valve 
at initial repair using a combined transatrial and trans-
pulmonary approach during correction and the early 
insertion of a pulmonary homograft in the setting of pul-
monary insufficiency are techniques employed to avoid 
the long-term problems of right ventricular dysfunction 
and failure.23

Surgery for HLHS, once considered a fatal disease, has 
achieved significant long-term survival after a series of 
staged reconstructive procedures.24,25 The use of RV-PA 
conduits as an alternative to traditional systemic-to-pul-
monary shunts confers some advantage in survival after 
stage 1 palliation owing to elimination of diastolic runoff 
into the pulmonary circulation with concurrent unloading 
of the systemic RV. Myocardial perfusion improves with 
higher diastolic pressures, no run off to the pulmonary cir-
culation, and decreased myocardial work. The long-term 
impact of a right ventriculotomy in a univentricular heart 
is unknown.26-28 In 2008, the Pediatric Heart Network, 
an organization sponsored by the National Institutes of 
Health, completed enrollment in a randomized control 
trial comparing the effects of modified Blalock-Taussig 
shunt (mBTS) to RV-PA conduits as part of the stage 1 
Norwood procedure.29 Recent results revealed infants 
treated with an RV-PA shunt had improved survival over 
those with mBTS, although the long-term outcomes were 
not different.29,30

Neurologic outcome after surgical repair is an ongo-
ing concern. Preoperative cerebral blood flow (CBF) was 
shown to be diminished in patients with a variety of con-
genital heart defects, and low CBF values were associated 
with periventricular leukomalacia.31 Some centers rou-
tinely advocate regional low-flow cerebral perfusion and 
measurement of regional cerebral O2 saturation index and 
CBF velocity using transcranial Doppler imaging during 
arch reconstruction in this population. Reductions in the 
regional cerebral O2 saturation index or CBF greater than 
20% of baseline are treated aggressively in an attempt to 
increase cerebral O2 delivery by increasing the mean perfu-
sion pressure, red blood cell (RBC) transfusion, and main-
tenance of high normal levels of PaCO2 to achieve cerebral 
vasodilation.

Techniques have evolved to a “three-region” perfusion 
strategy for aortic arch reconstruction in the Norwood 
procedure. This technique involves direct perfusion of the 
coronaries and distal thoracic aorta as well as continuous 
cerebral perfusion via innominate cannulation. The arch 
repair occurs from distal to proximal at warmer patient 
temperatures, theoretically allowing decreased coronary 
and splanchnic ischemic times, decreasing the risk of car-
diac dysfunction and abdominal organ damage, and miti-
gating the negative hypothermic effects on the hematologic 
system.32,33

Surgical management has evolved in a broader applica-
tion of certain surgical procedures initially designed for a 
specific defect. For example, modifications of the Fontan 
operation, which was originally devised for patients with 

TABLE 78.4 Congenital Cardiac Defects and Their 
Repair

Anatomic Defects Palliation Complete Repair

Tetralogy of Fallot (TOF) VSD closure and RVOT 
patch

 With PA atresia Shunt
 With anomalous right 

coronary artery
Rastelli

HLHS Norwood I/trans-
plant

Transposition of the 
great arteries

Arterial switch

Unfavorable coronary 
anatomy

Atrial switch (Sen-
ning)

Tricuspid atresia Shunt followed by 
Fontan

Pulmonary atresia with 
VSD

Shunt followed by 
Fontan

 With intact septum Shunt followed by 
Fontan

Critical aortic stenosis Aortic valvotomy

Interrupted aortic arch End-to-end anastomo-
sis/reverse subcla-
vian flap/tube graft

Total anomalous pul-
monary

Anastomosis of pul-
monary veins to left 
atrium venous return 
and ASD closure

Single ventricle/normal 
PAs

Band followed by 
Fontan

 With small PAs Shunt followed by 
Fontan

Truncus arteriosus RV-PA conduit and VSD 
closure

Atrioventricular canal Repair valve clefts/
patch closure of ASD/
attach valves to patch

ASD, Atrial septal defect; HLHS, hypoplastic left heart syndrome; PA, pulmo-
nary artery; RV, right ventricle; RVOT, right ventricular outflow tract; VSD, 
ventricular septal defect.
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tricuspid atresia, are now being used to repair a variety of 
univentricular hearts, including HLHS.34,35 Initially, the 
wider application of the Fontan operation to include com-
plex defects once considered inoperable was associated with 
a rise in morbidity and mortality. However, this trend has 
been reversed in recent years by several groups who have 
demonstrated improved outcome with the staging of the 
operation (superior cavopulmonary anastomosis, subse-
quent completion of the Fontan operation), the creation of a 
fenestration between the RA and LA at the time of the Fon-
tan operation, and the use of modified ultrafiltration (MUF) 
at least in the early years.36

However, as patients who undergo the Fontan procedure 
grow older, they present with the unique pathophysiologic 
challenges of refractory arrhythmias, a failing single ven-
tricle, protein-losing enteropathy, and plastic bronchitis. 
Most of these adults are cared for in a combined pediatric 
and adult cardiac program and require intensive multidisci-
plinary care to optimize cardiorespiratory status. Ingenuity 
and innovation such as demonstrated with the Fontan pro-
cedure have permitted continued improvements in survival 
for all patients with CHD. As incisions in the myocardium 
become smaller and sutures more precisely placed, and as 
improvements in surgical techniques continue to evolve, 
the complications of ventricular dysfunction, arrhythmias, 
and residual obstruction should decline, contributing to 
improved patient quality of life.

One final difference unique to congenital heart surgery 
that has a major impact on anesthetic management relates 
to the type of cardiopulmonary support. Because of the 
complexity of repair in small patients, surgery often requires 
significant alterations in the bypass techniques, such as the 
use of deep hypothermic CPB at temperatures of 18°C and 
total circulatory arrest. Despite widespread use of these 
techniques during CPB, their physiologic effects on major 
organ system function are just beginning to be understood. 
These effects are discussed in subsequent sections.!

Anesthetic Management

PREOPERATIVE MANAGEMENT

Anesthetic Evaluation
Caring for children with CHD presents the anesthesiologist 
with a wide spectrum of anatomic and physiologic abnor-
malities. Patients range from young, healthy, asymptom-
atic children who are having closure of a small ASD to 
the neonate with HLHS requiring aggressive perioperative 
hemodynamic and ventilatory support. Intertwined with 
the medical diversity of these patients are the psychological 
factors affecting both the patient and their parents. Prepa-
ration of the patient and the family is time-consuming, but 
omitting or compromising this aspect of patient care is a 
major deterrent to a successful outcome and patient and 
parental satisfaction. This team-oriented approach also 
serves as a safeguard to prevent errors and omissions in 
the exacting perioperative care necessitated by the com-
plexity of cardiac surgery for CHD. The preoperative visit 
offers the family the opportunity to meet the surgeon and 
anesthesiologist.

Parents should be questioned about the general health 
and activity of their child. Fundamentally, a child’s general 
health and activity will reflect cardiorespiratory reserve. 
Deficiencies may point toward cardiovascular or other sys-
tems that may influence anesthetic or surgical risk. Does the 
child have impaired exercise tolerance? Is the child gaining 
weight appropriately, or exhibiting signs of failure to thrive 
on the basis of cardiac cachexia? Does the child exhibit 
signs of CHF (diaphoresis, tachypnea, poor feeding, recur-
rent respiratory infections)? Is there progressive cyanosis or 
new onset of cyanotic spells? Any intercurrent illness such 
as a recent upper respiratory tract infection or pneumonia 
must be ascertained. Lower respiratory tract infections may 
require a delay in proposed surgery, based on the negative 
impact that airway reactivity and elevations in PVR may 
have on surgical outcome. Recurrent pneumonia is fre-
quently associated with pulmonary overcirculation and 
altered lung compliance in patients with increased PBF.

A good history will delineate previous surgical and car-
diologic interventions, which may impact both surgical and 
anesthetic plans for the current procedure. Patients who 
have had their subclavian artery sacrificed for a subclavian 
flap angioplasty to correct coarctation or a Blalock-Taussig 
shunt will not accurately display systemic arterial pressure 
or perhaps even pulse oximetry readings when the moni-
toring is applied to the affected side. Likewise, children who 
have femoral venous occlusion after catheterization are not 
candidates for femoral venous access, particularly for femo-
ral CPB should sternotomy prove impossible. It is equally 
important to obtain current medications, previous anes-
thetic problems, and family history of anesthetic difficulties.

In the modern era of echocardiography and cardiac 
catheterization, physical examination rarely contributes 
additional anatomic information about the underlying car-
diac lesion. However, it is extremely useful in assessing the 
overall clinical condition of the child. For example, an ill-
appearing, cachectic child in respiratory distress has limited 
cardiorespiratory reserve and the use of excessive premedi-
cation or a prolonged inhaled induction of anesthesia could 
result in significant hemodynamic instability.!
Concurrent Medications and Drug Interactions
Drug interactions are common both among the co-thera-
peutic cardiovascular agents and between hemodyamic 
drugs and anesthetic drugs. An understanding of the mech-
anisms and interactions is useful to the pediatric cardio-
vascular anesthesiologist. Some common cardiovascular 
medications and anesthesia considerations are shown in 
Table 78.5.

Pediatric oncology patients presenting for cardiac or 
noncardiac procedures may manifest higher cardiovascu-
lar risk because of cardiotoxic chemotherapy.37 Common 
cardiotoxic agents include the antimetabolite 5-fluoro-
uracil, the anthracycline antibiotics doxorubicin and dau-
norubicin, and the alkylating agent cyclophosphamide. 
The acute form of toxicity is characterized by acute ST 
segment/T wave changes on the electrocardiogram (ECG), 
serious dysrhythmias, and CHF associated with pericar-
dial effusion. Chronic cardiotoxic HF is cumulative, dose 
related, and unresponsive to digoxin therapy. Serious 
cardiomyopathy can occur and is related to dose, irradia-
tion, and use of an anthracycline. The mortality rate can 
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exceed 50%. These patients should undergo thorough 
preoperative evaluation, including a full blood cell count, 
assessment of renal and hepatic function and coagula-
tion parameters, and an echocardiogram. An isoflurane/
nitrous oxide (N2O)-based anesthetic might confer better 
hemodynamic stability than opioid-based anesthesia in 
such patients.38

Anesthetics can induce torsade de pointes, a malignant 
arrhythmia. Risk factors include female gender, electrolyte 
imbalances such as hypokalemia and hypomagnesemia, 
genetic ion channel polymorphisms of congenital long QT 
syndrome (LQTS), subclinical LQTS, baseline QT prolonga-
tion, and use of QT-prolonging drugs especially in high con-
centrations or as rapid intravenous infusions. Conditions 
with reduced repolarization reserve such as CHF or digoxin 
toxicity can also precipitate torsade de pointes. Drugs that 
may cause torsade de pointes in patients with congenital 
LQTS are shown in Table 78.6. The website https://credib
lemeds.org provides an updated list of drugs that prolong 
the QT interval.

Traditionally, patients undergoing cardiac surgery 
have blood drawn for laboratory evaluation as stan-
dard of care (hemoglobin, electrolytes, type, and screen). 
Recently the utility of this practice has been questioned 
especially in the patient coming from home. These tests 
are expensive, utilize significant hospital resources, 
cause pain and anxiety to the patient, and rarely lead to a 
change in care.39 A more thoughtful, directed, and indi-
vidualized strategy can limit costs and discomfort with-
out sacrificing patient safety. On the other hand, special 
populations such as patients with trisomy 21, cyanotic 
heart disease, and those on antiplatelet therapy may 
require additional specific testing.

An increased hematocrit in a normovolemic child gives 
an indication of the magnitude and chronicity of hypox-
emia. A hematocrit more than 60% may predispose to 
capillary sludging and secondary end organ damage, 
including stroke. Despite these risks, liberalized guidelines 
for nothing by mouth that permit children to consume 

clear liquids up to 2 hours before anesthetic induc-
tion have virtually eliminated the need to admit these 
patients to the hospital early for preoperative intravenous 
hydration.40,41

Echocardiography with Doppler color flow imaging 
(echo-Doppler) is an invaluable tool that provides a non-
invasive means of assessing intracardiac anatomy, blood 
flow patterns, and estimates of physiologic data.42 For 
many cardiac defects, more invasive studies are gener-
ally not required if a good echocardiographic assessment 
is made. Echo-Doppler imaging is especially helpful for 
defining intracardiac abnormalities. Extracardiac abnor-
malities, such as pulmonary artery or vein stenosis, are 
more difficult to define by echo-Doppler and may require 

TABLE 78.5 Common Perioperative Medications and Considerations

Cardiac Drug Class Interactions Considerations

Angiotensin-converting 
enzyme inhibitors

Hypotension with induction of general anesthesia Consider withholding morning dose, or reducing dosage, 
in hypotensive patients; avoid fixed dose induction regi-
mens with drugs having a profound vagomimetic effect

#-Blockers Acute withdrawal can precipitate tachycardia and arrhyth-
mias; can potentiate hypotension with volatile anesthe-
sia; can decrease response to inotropic agents

Continue in the perioperative period

Calcium channel blockers May augment the negative inotropic and chronotropic 
effects of volatile anesthesia

Continue in the perioperative period

Diuretics Hypovolemia/hypokalemia; may augment effect of neuro-
muscular blocking agents

Discontinue preoperatively

Antiarrhythmics Can be proarrhythmic with inotropes, electrolyte distur-
bances; high catecholaminergic states; can interact with 
other antiarrhythmics and precipitate bradycardia

Avoid electrolyte imbalance
Avoid drugs that are proarrhythmic
Monitor carefully

$2-Agonists Reduces perioperative shivering, ischemia, anesthetic and 
analgesic requirements

Continue into the perioperative period with appropriate 
monitoring

TABLE 78.6 Drugs That May Cause Torsade De Pointes 
in Patients With Congenital Long QT Syndrome

Drug Category Drug Name

Antiarrhythmics Amiodarone
Procainamide
Disopyramide
Ibutilide
Quinidine
Sotalol

Antipsychotics Chlorpromazine
Haloperidol
Thioridazine
Mesoridazine

Antimicrobials Erythromycin
Clarithromycin

Miscellaneous Cisapride
Arsenic
Methadone
Droperidol
Domperidone
Dolasetron
Ondansetron
Glycopyrrolate
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computed tomography (CT) or cardiac catheterization. 
The ability to interpret anatomy and physiology accu-
rately requires a skilled echocardiographer, reaffirming 
the need for a well-integrated interactive team. Although 
the complexities posed by extreme anatomic variation 
and changing loading conditions render intraoperative 
echo-Doppler challenging even for experienced echocar-
diographers, the pediatric cardiac anesthesiologist should 
develop some familiarity with its capabilities and limita-
tions so as to participate in critical intraoperative man-
agement decisions.

Magnetic resonance imaging (MRI) of the heart and 
major vessels has become a very useful noninvasive imag-
ing tool in children with heart disease. Typically, MRI is 
used for segmental description of cardiac anomalies; eval-
uation of thoracic aortic anomalies; noninvasive detection 
and quantification of shunts, stenoses, and regurgita-
tions; evaluation of conotruncal malformations and com-
plex anomalies; identification of pulmonary and systemic 
venous anomalies; and postoperative studies and evalu-
ation of CHD in adult patients.43,44 MRI is particularly 
useful in quantifying ventricular function, regional wall 
motion, valvular competence, and velocity flow mapping. 
It is especially useful for imaging the aortic arch, pulmo-
nary arteries, and the mediastinal vessels in children with 
complex CHD. Lesions for which MRI provides accurate 
and useful information include coarctation of the aorta, 
anomalies of the pulmonary arteries, anomalous pulmo-
nary venous connections and persistent left superior vena 
cava, and intracardiac baffles, conduits, and shunts.43,44 
MRI is also useful in older patients with poor acoustic win-
dows and patients with chest wall deformities. It may be 
an alternative to cardiac catheterization in select patients 
and may provide noninvasive assessment of coronary 
anomalies, myocardial perfusion defects, and the detec-
tion of conditions associated with myocardial scarring 
(e.g., arrhythmogenic RV dysplasia). Even more novel, 
MRI images are now being used to reconstruct complex 
lesions using 3D printers to build a model of the heart to 
help plan the surgical procedure.45,46 Adenosine stress 
cardiac MRI is used to delineate areas of inducible isch-
emia. However, physiologic data such as O2 saturations 
cannot be obtained with MRI.

Anesthetic considerations remain the same as for all car-
diac lesions, with the additional concerns for MRI safety 
and restricted access to an anesthetized patient with subop-
timal monitors. MRI scans are prolonged and traditionally 
require absolute patient immobility, with control of venti-
lator parameters to obtain optimal images. However, with 
advances in technology such as respiratory gating and use 
of free-breathing protocols, images can be acquired with 
the patient spontaneously breathing. This eliminates the 
need for general anesthesia with an endotracheal tube and 
breath-holds, thus allowing for intravenous sedation with 
spontaneous breathing instead.

Cardiac catheterization remains the gold standard for 
assessing anatomy and physiologic function in CHD. 
Although many anatomic questions can now be reliably 
answered noninvasively, catheterization remains a vital 
tool for cases that present complex anatomic questions 
or require knowledge of physiologic data. Important 

catheterization data for the anesthesiologist include the 
following:
  

 1.  Child’s response to sedative medications
 2.  Pressure and O2 saturation in all chambers and great 

vessels
 3.  Location and magnitude of intracardiac and extracar-

diac shunt 2̇Q�2̇T
 4.  PVR and SVR
 5.  Chamber size and function
 6.  Valvular anatomy and function
 7.  Distortion of systemic or pulmonary arteries related to 

prior surgery
 8.  Coronary artery anatomy
 9.  Anatomy, location, and function of previously created 

shunts
 10.  Acquired or congenital anatomic variants that might 

have an impact on planned vascular access or surgery
  

Careful review of the cardiac catheterization data and 
an understanding of their potential impact on the opera-
tive and anesthetic plan are essential. Not all medical prob-
lems can be evaluated and corrected preoperatively; the 
surgeon, cardiologist, and anesthesiologist must discuss 
the potential management problems and need for further 
evaluation or intervention before arrival in the operating 
room. Appropriate communication and cooperation will 
optimize patient care and facilitate perioperative clinical 
management.!

INTRAOPERATIVE MANAGEMENT

Operating Room Preparation
Advance, careful preparation of the operating room and 
anesthesia equipment is essential. The anesthesia machine 
must have the capacity to provide air, O2, and N2O to help 
balance pulmonary and systemic blood flow. Some anes-
thetic machines may be equipped with carbon dioxide 
(CO2) as an additional gas that can be added to help balance 
the circulations. NO is invaluable to help lower the PVR 
and is usually added into the inspiratory limb of the circuit 
via a separate machine, which then also allows continu-
ous NO administration, also while transporting the patient. 
Intravenous tubing must be free from air bubbles to pre-
vent paradoxical air embolism, and air filters should be 
added to all infusion lines. Resuscitative drugs, labeled and 
ready for administration, should include succinylcholine, 
calcium gluconate or calcium chloride, sodium bicarbon-
ate, atropine, lidocaine, phenylephrine, and epinephrine. 
An inotropic infusion, usually epinephrine or dopamine, 
should be premixed and ready for administration in high-
risk cases, but additional infusions are prepared if their 
need is strongly suspected (e.g., milrinone, vasopressin). 
For all pediatric cases, certain anesthetic drugs should be 
available (etomidate, propofol, ketamine). No single drug 
can be recommended; how a particular drug is used is more 
important. In pediatric cardiac anesthesia, many patients 
have limited reserve and high endogenous catecholamine 
levels released in an adaptive response to their underlying 
cardiac disease. The resuscitative drugs should therefore 
be prepared and immediately available before anesthetic 
induction.
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For congenital heart surgery, the ability to alter body 
temperature rapidly for cooling and rewarming is essential. 
During deep hypothermic CPB, patients are cooled to 18°C. 
Surface cooling with a heating and cooling water mattress, 
ice in watertight bags, and an efficient room and ambient 
temperature control system are important in the operative 
management of these patients.!
Physiologic Monitoring
The specific monitoring used should depend on the child’s 
condition and the magnitude and nature of the planned sur-
gical procedure. The perioperative monitoring techniques 
available are listed in Box 78.2. Noninvasive monitoring 
equipment is ideally placed before induction of anesthesia, 
although the anesthesiologist may elect to defer applica-
tion of monitoring devices in the crying child until imme-
diately after the induction. Standard monitoring includes 
electrocardiography, pulse oximetry, capnography, and an 
appropriate-sized blood pressure cuff (either oscillometric 
or Doppler). Additional monitoring includes an indwelling 
arterial catheter and temperature probes. Foley catheters 
are generally employed when surgical intervention entails 
CPB or might produce renal ischemia, or when the anes-
thetic management includes a regional technique associ-
ated with urinary retention. Most centers routinely employ 
percutaneously placed central venous pressure (CVP) mon-
itoring or alternatively, directly placed transthoracic atrial 
lines by the surgeons to help with separation from CPB and 
the hemodynamic management in the postoperative period.

Continuous monitoring of arterial pressure is possible 
only through an indwelling intraarterial catheter. In young 
children, cannulation of the radial artery with a 22- or 
24-gauge catheter is preferred. In older children and ado-
lescents, a 20-gauge catheter may be substituted. Careful 
inspection, palpation, four-extremity noninvasive blood 
pressure determinations, and ultrasound use help ensure 
that previous or currently planned operative procedures 
(e.g., a previous radial artery cutdown, subclavian flap for 
coarctation repair, or Blalock-Taussig shunt) do not inter-
fere with the selected site of arterial pressure monitoring. 
Other sites available for cannulation include the ulnar, 
femoral, axillary, and umbilical (in neonates) arteries. Can-
nulation of the posterior tibial or dorsalis pedis arteries is 
not usually sufficient for complex operative procedures. 
Peripheral arterial catheters, principally of the distal lower 
extremities, function poorly after CPB and do not reflect 
central aortic pressure when distal extremity temperature 
remains low.47

Myocardial and cerebral preservation is maintained 
principally through hypothermia; therefore, the accurate 
and continuous monitoring of body temperature is crucial. 
Rectal and nasopharyngeal temperatures are monitored 
because they reflect core temperature and brain tempera-
ture, respectively. Monitoring of esophageal temperature is 
a good reflection of cardiac and thoracic temperature. Tym-
panic probes, although a useful reflection of cerebral tem-
perature, can cause tympanic membrane rupture.

Pulse oximetry and capnography provide instantaneous 
feedback concerning adequacy of ventilation and oxygen-
ation. They are useful guides in ventilatory and hemody-
namic adjustments to optimize 2̇Q�2̇T before and after 
surgically created shunts and pulmonary artery bands. 
Peripheral vasoconstriction in patients undergoing deep 
hypothermia and circulatory arrest renders digital O2 sat-
uration probes less reliable. In the newborn, the use of a 
tongue sensor has been advocated to provide a more cen-
tral measure of O2 saturation, with less temperature-related 
variability.48

The use of transthoracic or transvenous pulmonary 
artery catheters is determined on an individual basis 
based on the disease process, physiologic state, and surgi-
cal intervention. For example, in children undergoing a 
Fontan procedure for tricuspid atresia or a univentricular 
heart, catheters in the Fontan pathway and the pulmo-
nary venous atrium are especially useful. After a Fontan 
operation, PBF must occur without benefit of a ventricular 
pumping chamber. Subtle changes in preload, PVR, and 
pulmonary venous pressure will influence PBF and thus 
systemic cardiac output. Data derived from the difference 
between the CVP and left atrial pressure ([LAP]; also known 
as the transpulmonary gradient) help identify the relative 
importance of intravascular volume (CVP), PVR (CVP-LAP 
gradient), or ventricular compliance (LAP), each of which 
requires a different therapeutic approach.

As a general guideline, a transvenous pulmonary artery 
catheter may be placed using the internal jugular approach 
in children weighing more than 7 kg. A 5.0-Fr catheter is 
used for children weighing between 7 and 25 kg, and a 7.0-
Fr one is used for children weighing more than 25 kg. For 
infants weighing less than 7 kg, percutaneous placement 
of a pulmonary artery catheter can be performed from the 
femoral vein. Occasionally, the latter technique will require 

Cardiopulmonary System

Esophageal stethoscope
Electrocardiogram

Standard five-lead system, ST-T wave analysis, esophageal 
electrocardiographic lead

Pulse oximetry
Automated oscillatory blood pressure
Capnograph
Ventilator parameters
Indwelling arterial catheter
Central venous pressure catheter
Pulmonary artery catheter
Transthoracic pressure catheter

Left or right atrium, pulmonary artery
Echocardiography with Doppler color flow imaging

Epicardial or transesophageal!
Central Nervous System

Peripheral nerve stimulator
Processed electroencephalography
Specialized

Cerebral blood flow: Xenon clearance methodology
Cerebral metabolism: Near-infrared spectroscopy, oxygen 

consumption measurements
Transcranial Doppler
Jugular venous bulb saturations!

Temperature

Nasopharyngeal, rectal, esophageal, tympanic!
Renal Function

Foley catheter

BOX 78.2 Monitoring of Organ Systems
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fluoroscopy. The use of intraoperative transthoracic moni-
toring lines and echo-Doppler imaging limits the need for 
transvenous pulmonary artery catheters in most cases.!
Special Monitoring
Intraoperative Echocardiography. The use of echo-
Doppler imaging is now regarded as standard of care for 
almost all pediatric cardiac surgeries.49,50 Two-dimen-
sional echocardiography combined with pulsed-wave 
Doppler ultrasonography and color flow mapping pro-
vide detailed morphologic and physiologic information 
in the majority of operative cases. Using echo-Doppler in 
the operating room, anatomic and physiologic data can 
be obtained before CPB, thus refining the operative plans. 
Prebypass echo-Doppler precisely defines anesthetic and 
surgical management.49 Because of the unrestricted epi-
cardial and TEE approaches in anesthetized patients, new 
findings are frequently discovered and management plans 
changed accordingly (Fig. 78.4).

Postbypass echo-Doppler evaluation is able to immedi-
ately assess the quality of the surgical repair and cardiac 
function by examining ventricular wall motion and systolic 
thickening.49 This technique can show residual structural 
defects after bypass, which can be immediately repaired, 
thus avoiding the patient leaving the operating room with 
significant residual structural defects that will require reop-
eration at a later time (Fig. 78.5). By identifying patients 
with right or left ventricular contraction abnormalities 
after bypass, as determined by a change in wall motion 
or systolic thickening, echo-Doppler provides guidance 
for immediate pharmacologic interventions. Importantly, 
postbypass ventricular dysfunction and residual structural 
defects identified by echo-Doppler imaging are associated 
with an increased incidence of reoperation and higher 
morbidity and mortality rates. Thus, this monitoring tool 
is helpful in assessing surgical repair and identifying opera-
tive risk factors, which will hopefully improve outcomes.

Two techniques for intraoperative echo-Doppler imag-
ing have been described: epicardial and TEE. Using TEE, 
the probe is placed after induction of anesthesia and intu-
bation and is then available for monitoring of the patient. 
The advantage of this technique is its utility as a continu-
ous monitor of cardiac structure and function, without 
interrupting surgery.49,51 Because of its ideal imaging 
location, TEE has been especially helpful in evaluating 
pulmonary venous return and the integrity of the left AV 
valve after mitral valvuloplasty, complete AV valve repair, 
and correction of complex CHD. Early limitation in views 
has been virtually eliminated as a result of clinical experi-
ence and improved biplane images. Pediatric biplane TEE 
probes have now extended the patient weight limits to 
neonates between 2.5 and 3 kg.52 Potential hazards of TEE 
that merit particular vigilance include descending aorta 
and airway compression because of probe size or during 
probe flexion. There have been reports of esophageal dam-
age during hypothermia and low or no flow states because 
of the heat energy the probe produces while connected to 
the TEE machine, leading most institutions to pause the 
imaging ability of the probe, disconnect the probe from the 

Fig. 78.4 Intraoperative pre–cardiopulmonary bypass epicardial 
echocardiogram in the long-axis view. Note the insertion of the 
papillary muscle of the tricuspid valve on the interventricular septum. 
On the basis of this view, the surgeon decided that ventricular septal 
defect (VSD) closure was possible in a child thought preoperatively to 
be a candidate for only palliation. LA, Left atrium; LV, left ventricle; RV, 
right ventricle.

A

B  

Fig. 78.5 (A) Echocardiogram with a Doppler flow map in the long-axis 
view illustrating a residual ventricular septal defect (VSD) resulting from 
patch dehiscence after initial repair. Turbulent flow through the VSD 
appears as a mosaic of white particles (arrow). This finding necessitated 
immediate reinstitution of cardiopulmonary bypass and repeat repair. 
(B) Repeat Doppler flow map in the long-axis view illustrates patch clo-
sure (arrow) of the VSD after repeat repair. Note the absence of turbu-
lent flow with the loss of the mosaic of white particles. AO, Aorta; LA, 
left atrium; LV, left ventricle; RV, right ventricle.
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machine, or even remove it during the CPB period of the 
procedure.

A second technique for intraoperative echocardio-
graphic analysis in children is the epicardial approach.52 
This approach requires passing a clean, short-focused 5.0- 
or 7.0-MHz transducer over the anesthesia screen into a 
sterile sheath, where it then can be placed on the epicar-
dial surface of the heart. This technique best facilitates the 
probe manipulations necessary for thorough interroga-
tion of the major structures and dynamic function of the 
heart. The advantage of this approach is that all views can 
be obtained in patients of any size. Among the disadvan-
tages are the need for sufficient operator skill and experi-
ence to perform the manipulations, the need to interrupt 
surgery to manipulate the probe, and the possible deleteri-
ous impact of direct myocardial mechanical manipulation. 
Given current TEE capabilities, epicardial imaging is rarely 
employed.!

Specialized Central Nervous System Monitoring. The 
primary goal of brain monitoring is to improve our under-
standing of cerebral function during cardiac surgery so 
that effective brain protection strategies can be developed. 
Because many of the determinants of normal brain per-
fusion become externally controlled by the cardiac team 
during CPB, such as flow rate (cardiac output), perfusion 
pressure, temperature, hematocrit, and PaCO2, a knowl-
edge of the effect of these factors on the brain in neonates, 
infants, and children is essential. Numerous intraopera-
tive techniques have been used for monitoring the brain 
to prevent secondary brain injury from hypoxia, ischemia, 
emboli, and electrophysiologic derangements. These have 
primarily included the following three modalities in isola-
tion or combination: (1) electroencephalography (EEG) to 
assess perfusion-related changes in cortical activity; (2) 
transcranial Doppler imaging to measure arterial flow and 
resistance; and (3) near-infrared spectroscopy (NIRS) to 
provide a measure of venous-weighted, tissue oxyhemoglo-
bin saturation. Additionally, the measurement of CBF and 
metabolism with specialized clinical research tools has been 
very important in furthering our understanding of brain 
function during and after surgery. Multimodal neurologic 
monitoring is also used to guide CPB, deep hypothermic 
circulatory arrest (DHCA), and regional low-flow cerebral 
perfusion techniques in neonatal arch reconstruction.53-55

Electroencephalographic monitoring allows detection of 
ischemia or recognition of an adequate decrease in cerebral 
metabolic activity during hypothermia before DHCA. EEG is 
helpful in monitoring physiologic functions of the CNS dur-
ing deep hypothermic bypass and total circulatory arrest. 
For example, during deep hypothermia and before total 
circulatory arrest, the processed EEG can identify residual 
cerebral electrical activity. Isoelectric silence can then be 
induced by further cooling and any further brain activity 
detected by EEG. Because this residual electrical activity 
during arrest is associated with ongoing cerebral metabo-
lism, an isoelectric state may prevent ischemic injury to 
the brain during circulatory arrest. EEG also may be use-
ful in detecting the level and depth of anesthesia. Postop-
erative electroencephalographic analysis has demonstrated 
subclinical seizure activity in a number of high-risk 
patients, potentially linking these abnormalities to poorer 

neuropsychologic outcome. The value of intraoperative 
electroencephalographic monitoring after CPB and the sig-
nificance of the findings remain to be determined.

Transcranial Doppler imaging has been used primar-
ily for research purposes in infants and allows detection 
of venous or arterial flow abnormalities and the detection 
of microemboli.56 This technology uses the Doppler prin-
ciple to detect shifts in the frequency of reflected signals 
from blood in the middle cerebral artery to calculate blood 
flow velocity.57 Because the diameter of this large cerebral 
artery is relatively constant, flow velocity can be used to 
approximate CBF. Transcranial Doppler imaging has sev-
eral advantages: (1) it is noninvasive, (2) it does not require 
radiation exposure, (3) it is a continuous monitor, and (4) 
it captures rapid alterations in blood flow velocity caused 
by temperature or perfusion changes. The limitations of 
transcranial Doppler monitoring include (1) reproducibil-
ity, especially at low flow rates, when small movements of 
the patient’s head can dramatically alter the signal, and 
(2) the lack of validating studies during hypothermic CPB, 
when hypothermia, reduced flow rates, and the laminar 
flow characteristics of non-pulsatile perfusion may limit the 
accuracy of CBF velocity measurements.

Transcranial Doppler imaging has been used to investi-
gate the effect of CPB and DHCA on cerebral hemodynam-
ics in children, as well as to assess the incidence of cerebral 
emboli. Recent studies examining the brain using trans-
cranial Doppler have enabled several investigative groups 
to provide important information regarding questions of 
normal and abnormal brain perfusion during cardiac sur-
gery in children. Questions regarding cerebral perfusion 
pressure, autoregulation, effect of PaCO2, and temperature 
have been addressed using transcranial Doppler imaging in 
children.58-60 This technique also has provided qualitative 
information regarding the presence of gaseous emboli in 
the middle cerebral artery during cardiac surgery.61

NIRS is a noninvasive monitor of cerebral tissue oxygen-
ation, reflecting the balance of O2 delivery and consump-
tion. Cerebral NIRS reflects O2 saturation of the venous 
compartment, and values correlate with jugular venous 
bulb saturations.62 There is significant interest in study-
ing the ability of NIRS to predict outcomes, particularly 
on the neurodevelopmental spectrum. A study of infants 
undergoing the stage 1 Norwood procedure for HLHS dem-
onstrated an association between low NIRS (particularly 
when less than 50%-60%) and poor neurodevelopmental 
outcomes.63 Although there was not a linear association, it 
provides evidence that NIRS can be used to detect clinically 
consequential hypoxia. Somatic and cerebral saturations 
are further clinically relevant in the immediate postopera-
tive period by predicting overall morbidity and mortality 
in patients with HLHS stage 1 palliation.64 The number 
of minutes of cerebral desaturation below 50% predicts 
morbidity and serves as an early warning sign for hypoxia, 
bleeding, and/or low cardiac output state.65 A decrease 
of greater than 20% from baseline in renal saturation as 
detected by NIRS for a period of 20 minutes has been asso-
ciated with a longer duration of mechanical ventilation 
and ICU convalescence.66

A 2016 review of NIRS use in pediatric cardiac surgery 
identified several prospective trials, mostly observational, 
that found inconsistent results overall regarding improved 
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clinical outcomes with NIRS use.67 Importantly, the cur-
rent evidence does not provide clear thresholds for cere-
bral or somatic NIRS, below which the chance of morbidity 
would increase. Differences in longer-term cardiac, renal, 
or neurodevelopmental outcomes have not been demon-
strated based on differences in NIRS values. Despite these 
reservations, NIRS remains an important clinical tool to 
interpret alongside other monitoring technologies.

CBF studies using xenon clearance technology have 
improved the understanding of cerebrovascular dynamics 
in young children during CPB and especially during deep 
hypothermia and after periods of circulatory arrest.68-71 In 
general, this investigational tool has described the effects 
of CPB, temperature, and various perfusion techniques on 
CBF and, indirectly, on brain metabolism (Fig. 78.6). Stud-
ies using this methodology have shown that some of the 
mechanisms of CBF autoregulation, such as pressure-flow 
regulation, are lost with deep hypothermia and that cere-
bral reperfusion is impaired after a period of total circula-
tory arrest.!
Induction and Maintenance of Anesthesia
The principles of intraoperative management of cardiotho-
racic surgical procedures are based on an understanding 
of the pathophysiology of each disease process and a work-
ing knowledge of the effects of the various anesthetic and 
other pharmacologic interventions on a particular patient’s 
condition. Selecting a technique for induction of anesthe-
sia needs to consider the degree of cardiac dysfunction, the 
cardiac defect, the degree of sedation provided by the pre-
medication, and the presence of an indwelling catheter. In 
children with good cardiac reserve, induction techniques 
can be quite varied in well-monitored patients. The titration 
of anesthetics for induction of anesthesia is more important 

than the specific anesthetic technique in patients with 
reasonable cardiac reserve. A wide spectrum of anesthetic 
induction techniques have been used safely and success-
fully, including sevoflurane, isoflurane, N2O, intravenous 
and intramuscular ketamine, and intravenous propo-
fol, fentanyl, and midazolam.72 Ketamine is often used in 
anesthetic induction in patients with cyanotic conditions 
because it increases SVR and cardiac output, thereby dimin-
ishing the magnitude of right-to-left shunting. Administra-
tion of ketamine can be intravenous or intramuscular, with 
the caveat that an intramuscular injection may result in 
pain, agitation, and subsequent arterial desaturation.

Inhaled inductions are generally well received and toler-
ated by most children. An inhaled induction of anesthesia 
with sevoflurane can easily and safely be performed even 
in cyanotic patients, such as those with TOF (Fig. 78.7). 
In these patients, who are at risk for right-to-left shunting 
and systemic desaturation, oxygenation is well maintained 
with a good airway and ventilation despite reduction in 
systemic arterial pressure.73 Skilled airway management 
and efficiency of ventilation are equally essential compo-
nents of anesthetic induction. Recognizing the complexi-
ties of shunts and vascular resistance changes, as well 
as airway and ventilation effects on the cardiovascular 
system, is of primary importance during the induction of 
anesthesia.

After anesthetic induction, intravenous access is estab-
lished or augmented as appropriate. A nondepolarizing 
muscle relaxant is usually administered and an intrave-
nous opioid and/or inhaled anesthetic chosen for mainte-
nance of anesthesia. The child is preoxygenated with 100% 
FiO2, and an endotracheal tube is carefully positioned. Some 
degree of alveolar preoxygenation is recommended, even in 
the infant whose systemic perfusion might be jeopardized 
by lowering PVR with resulting increase in PBF, as this 
maneuver delays desaturation during intubation. A nasal 
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route is usually selected in neonates and other patients who 
will remain intubated postoperatively, as it may provide 
greater stability and patient comfort than an oral endo-
tracheal tube. However, with the trend of earlier and even 
intraoperative extubation, as well as new data showing an 
association between nasal intubation and increased infec-
tions in children older than 6 months of age, the prevalence 
of nasal intubation has decreased. If the child arrives in 
the operating room with an endotracheal tube in place, it 
is prudent to assess the depth and the overall state of the 
endotracheal tube. Inspissated secretions in a tube with a 
small internal diameter can cause significant obstruction to 
gas flow and may be made worse during periods of bypass 
when humidified ventilation is discontinued. This may be 
minimized by placing a new endotracheal tube at the begin-
ning of the procedure.

Because of the diverse array of congenital heart defects 
and surgical procedures, an individualized anesthetic man-
agement plan is essential. The maintenance of anesthesia 
in these patients depends on the age and condition of the 
patient, the nature of the surgical procedure, the duration 
of the CPB, and the need for postoperative ventilation. An 
assessment of the hemodynamic objectives designed to 
lessen the pathophysiologic loading conditions should be 
developed for each patient, taking advantage of the known 
qualitative effects of specific anesthetic drugs and ventila-
tory strategies. These individualized plans must also be 
integrated with the overall perioperative goals to configure 
the optimal anesthetic. In patients with complex defects 
requiring preoperative inotropic and mechanical ventila-
tory support, a carefully controlled induction and mainte-
nance anesthetic with a potent opioid is generally chosen. 
In patients with a simple ASD or VSD, a balanced anes-
thetic with inhaled anesthetics, opioid titration, and the use 
of dexmedetomidine is preferred. This allows for intraop-
erative tracheal extubation and a less prolonged period of 
intensive care monitoring. More important than the specific 
anesthetic techniques and drugs is the skilled execution of 
the anesthetic plan, taking into account patient response to 
drugs, the changes associated with surgical manipulation, 
and early recognition of intraoperative complications.

The reported changes in arterial blood pressure and heart 
rate from the inhaled anesthetic in normal children are 
observed in pediatric cardiac surgical patients as well. We 
use potent inhaled anesthetics in almost all cases, including 
while on CPB, as part of a balanced anesthetic technique 
and for their direct protective effects against ischemia/
reperfusion myocardial injury.74,75 Although isoflurane 
decreases blood pressure in neonates, infants, and children, 
the vasodilatory properties of isoflurane may improve over-
all myocardial contractility in contrast to the effects of halo-
thane.76 Despite improved cardiac reserve with isoflurane, 
the incidence of laryngospasm, coughing, and desaturation 
during induction of anesthesia limits its use as an induction 
agent in children with congenital heart defects.77

Desflurane has cardiorespiratory properties similar 
to those of isoflurane.78 Its main advantage is low blood 
gas and tissue solubility, allowing for rapid equilibration 
between the inspired and alveolar concentrations and rapid 
decrease of alveolar concentrations during elimination.79 
This provides greater precision in drug dosing during the 
operative period and may make desflurane a more titratable 

adjunctive drug for pediatric cardiac anesthesia. The three 
main disadvantages of desflurane are potency, pungency, 
and negative inotropic effect.80,81 Studies in normal infants 
and children suggest that 1 minimum alveolar concentra-
tion of desflurane requires concentrations of 8% to 10%.82,83 
Desflurane is also quite pungent, and, although its uptake is 
rapid, early experience with this drug for inhalation induc-
tion in children has reported a fairly high incidence of 
airway reactivity and laryngospasm.83-85 Although its neg-
ative inotropic effect is significantly less potent than that of 
halothane, desflurane should not be used as the sole anes-
thetic in patients with significant cardiac dysfunction.85

Sevoflurane, our volatile anesthetic of choice, offers a 
more tolerable aroma without the magnitude of myocar-
dial depression that accompanies halothane.86 In addition, 
its blood gas solubility is nearly as low as that of desflu-
rane. Hemodynamically, sevoflurane tends to produce 
some tachycardia, particularly in older children, and pre-
serve systemic arterial pressure.87 Reductions in heart rate 
and systemic arterial pressure are more modest in infants 
anesthetized with sevoflurane than in control subjects 
anesthetized with halothane, and the former exhibit echo-
cardiographic evidence of normal contractility and cardiac 
index. This effect is particularly seen in children with tri-
somy 21.88,89

Children with complex CHD and limited cardiac reserve 
demand an anesthetic technique that provides hemody-
namic stability. Inhalation anesthetics are less well tol-
erated as a sole primary anesthetic in patients who have 
limited cardiac reserve, especially after CPB. Fentanyl is an 
excellent induction and maintenance anesthetic for this 
group of patients. Low-to-moderate doses of this opioid can 
be supplemented with inhalation anesthetics. Adding low 
concentrations of inhalation anesthetics to smaller doses 
of opioids shortens or eliminates the need for postoperative 
mechanical ventilation while maintaining the advantage 
of intraoperative hemodynamic stability. Postoperative 
mechanical ventilation will be required when a high-dose 
(e.g., fentanyl > 20 µg/kg) opioid technique is used. The 
hemodynamic effects of fentanyl at a dose of 25 µg/kg with 
pancuronium given to infants in the postoperative period 
after operative repair of a congenital heart defect include 
no change in LAP, pulmonary artery pressure, PVR, and 
cardiac index and a small decrease in SVR and mean arte-
rial pressure.90 Because of its cardiovascular effects, pan-
curonium was an ideal neuromuscular blocking drug for 
pediatric heart surgery, but it is no longer available for 
clinical use. Therefore, either vecuronium or rocuronium 
are most often used. Larger doses of fentanyl at 50 to 75 
µg/kg with rocuronium or vecuronium compared to doses 
of fentanyl at 50 to 75 µg/kg with pancuronium result in a 
slightly larger decrease in arterial blood pressure and heart 
rate in infants undergoing repair for complex congenital 
heart defects.91 Despite the wide safety margin exhibited 
by this opioid, a selected population of infants and children 
with marginally compensated hemodynamic function sus-
tained by endogenous catecholamines may manifest more 
extreme cardiovascular changes with these doses. Fentanyl 
also has been shown to block stimulus-induced pulmonary 
vasoconstriction and contributes to the stability of the pul-
monary circulation in neonates after congenital diaphrag-
matic hernia repair.92 Thus, the use of fentanyl may be 
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extrapolated to the operating room, where stabilizing pul-
monary vascular responsiveness in newborns and young 
infants with reactive pulmonary vascular beds is crucial to 
weaning from CPB and stabilizing shunt flow. Fentanyl in 
the 8 to 12 µg/kg dose range should provide sufficient anal-
gesia, but still allow adequate ventilation efforts to allow for 
intraoperative extubation with stable hemodynamics dur-
ing the procedure.

Children receiving sufentanil for induction of anesthesia 
as a single dose of 5 to 20 µg/kg have a stable preintuba-
tion period.93,94 Intubation and other stimuli such as ster-
notomy do not produce clinically significant alterations 
in hemodynamics, although changes are more than with 
equipotent doses of fentanyl. The use of fentanyl as an 
infusion (1-2 µg/kg/h) produces fewer alterations in heart 
rate and blood pressure. This is particularly important in 
infants, in whom significant hemodynamic changes are 
poorly tolerated. For neonates with critical CHD, sufent-
anil anesthetic and postoperative infusion reduce morbid-
ity after cardiac surgery when compared with a halothane 
anesthetic and routine morphine postoperatively.95 The 
blunting of the stress response observed in this study 
probably accounted for the differences in morbidity; no 
comparison group representing a more typical dose of a 
phenylpiperidine opioid (e.g., fentanyl, 0-75 µg/kg) was 
included to permit conclusions as to whether such large 
opioid doses are optimal.

In contrast to other opioids, remifentanil, an ultra–
short-acting opioid, offers the unique advantage of metab-
olism by nonspecific and tissue esterases, thereby limiting 
the potential for accumulation related to protracted elimi-
nation.96 Remifentanil may provide advantages in the 
selected group of patients for whom the blunting of endog-
enous responses is desirable intraoperatively but poten-
tially deleterious at the end of the procedure. A randomized 
controlled trial comparing equipotent doses of alfentanil 
and remifentanil for outpatient pediatric surgery revealed 
delayed emergence, requiring naloxone only in the alfen-
tanil group.97 In both adults and children, remifentanil is 
associated with qualitative hemodynamic changes similar 
to those with other opioids, a variable tendency to brady-
cardia, and a small decrease in arterial blood pressure.98-101

Because of the widespread use of the opioids for pediat-
ric cardiac surgery and the availability of invasive moni-
toring, the pharmacokinetics and pharmacodynamics of 
these drugs have been well studied.93,99 In general, the 
clinical pharmacology of fentanyl and sufentanil share the 
same age-related pharmacokinetic and pharmacodynamic 
features. For example, sufentanil has an increased clear-
ance in patients 1 month to 12 years of age, comparable to 
adult clearance in adolescents (12-16 years of age), and a 
decreased clearance during the neonatal period (newborn 
to 1 month of age) (Table 78.7).84,88 Furthermore, sequen-
tial sufentanil anesthetics in neonates with CHD show 
marked increases in clearance and elimination between the 
first week and the third or fourth week of life (Fig. 78.8).101 
The latter observation is most likely attributable to matura-
tional changes in hepatic microsomal activity and improved 
hepatic blood flow from closure of the ductus venosus. The 
variability in clearance and elimination, coupled with lim-
ited cardiovascular reserve in the neonate during the first 
month of life, makes opioid dosing difficult in this age group. 

Careful titration of fentanyl 5 to 10 µg/kg or sufentanil 1 
to 2 µg/kg or a continuous infusion technique provides the 
most reliable method of achieving hemodynamic stability 
and an accurate dose response. CPB, different institutional 
anesthetic practices, and individual patient differences 
influence pharmacokinetic and pharmacodynamic dispo-
sition of the opioids in ways that are not predictable. Even 
certain disease states such as TOF or pathophysiologic con-
ditions such as increased intraabdominal pressure alter 
pharmacokinetic processes.90,91

Intraoperative use of methadone is an alternative pain 
control strategy introduced as an answer to counter acute 
tolerance to fentanyl infusions in the postoperative period. 
Adult data suggest that intraoperative use of methadone as 
the primary opioid in CPB cases significantly reduced the 
use of other opioids in the postoperative period, improved 
pain scores, and enhanced patient-perceived quality of 
pain management.102 There is no pharmacokinetic data in 
children having CPB surgery, but available data show that 
the pharmacokinetic parameters in children and neonates 
are similar to those reported in adults, and that there is no 
clearance maturation with age.103 For non-CPB cases, a 
dose of 0.2 mg/kg is suggested; we have used total doses of 
0.3 to 0.4 mg/kg in CPB cases and extubated intraopera-
tively. Other strategies to address opioid tolerance include 
alternating opioid drugs, instituting opioid holidays, the 
addition of benzodiazepines on an as-needed basis, and the 
use of dexmedetomidine infusions.

TABLE 78.7 Sufentanil Pharmacokinetics in Pediatric 
Cardiovascular Patients

Age Group t! ! (min) t! " (min)
Clearance 
(mL/kg/min) Vdss (L/kg)

1-30 days 23 ± 17 737 ± 346 6.7 ± 6.1 4.2 ± 1.0

1-24 months 16 ± 5 214 ± 41 18.1 ± 2.7 3.1 ± 1.0

2-12 years 20 ± 6 140 ± 30 16.9 ± 2.2 2.7 ± 0.5

12-18 years 20 ± 6 209 ± 23 13.1 ± 0.4 2.7 ± 0.5

All values are mean ± standard deviations (see Forbess et al.386).
t! ", Slow distribution half-life; t! #, elimination half-life; Vdss, volume of 

distribution at steady state.
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Fig. 78.8 Sequential sufentanil clearance during the first month of 
life in three neonates with congenital heart disease. Clearance of 
sufentanil increases above adult rates within the neonatal period. (Data 
from Greeley WJ, de Bruijn NP. Changes in sufentanil pharmacokinetics 
within the neonatal period. Anesth Analg. 1988;67:86–90.)
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Dexmedetomidine is an $2-agonist approved by the U.S. 
Food and Drug Administration for sedation in adults. It 
has been used in pediatric anesthesia as part of a balanced 
technique preoperatively and intraoperatively for sedation, 
anxiolysis, and analgesia, and postoperatively for preven-
tion of emergence delirium and sedation.104 Dexmedetomi-
dine has significant analgesic and antiinflammatory effects, 
attenuates the neuroendocrine response to surgery, and 
has no neurotoxic effects; it is a crucial adjunct to a bal-
anced anesthetic as it reduces the need for other analgesics 
and hypnotics.105-107

The pharmacodynamic effects of dexmedetomidine 
when used as an infusion are generally well tolerated.108 
The clinical effects are predictable and usually insignifi-
cant with slight lowering of both heart rate and arterial 
blood pressure compared to baseline.109 However, when 
administered as a rapid bolus, the first physiologic effect 
noted is hypertension along with heart rate slowing, last-
ing approximately 2 to 5 minutes before arterial blood 
pressure decreases.110

Dexmedetomidine demonstrates cardiac conduction 
effects, via both direct depression of the sinus and AV 
nodes in the heart, and decreased sympathetic tone in 
the locus coeruleus.111 Clinically, this translates into a 
significant reduction of the incidence of junctional ecto-
pic tachycardia post-CPB.112 However, some studies and 
case reports, mostly in the adult literature, have docu-
mented clinically significant bradycardia, hypotension, 
and even asystole with its use. It is necessary to remain 
vigilant and titrate dexmedetomidine carefully. Dexme-
detomidine should be used with particular caution in 
children at risk for bradycardia or sinus or AV node dys-
function, and possibly in patients who have had a heart 
transplant.113 At our institution, dexmedetomidine is 
used in almost every case, with an infusion of 0.2 µg/
kg/h in neonates and 0.5 µg/kg/h in all other cases initi-
ated postinduction. The infusion is continued through-
out the surgery and into the postoperative period. This 
practice is particularly helpful in patients that are extu-
bated intraoperatively and we will often increase the 
dose to 1 to 2 µg/kg/h after extubation to keep the child 
calm for transport to the ICU.!

Cardiopulmonary Bypass

DIFFERENCES BETWEEN ADULT AND PEDIATRIC 
CARDIOPULMONARY BYPASS

The physiologic effects of CPB on neonates, infants, and 
children are significantly different from the effects on adults 
(Table 78.8). During CPB, pediatric patients are exposed to 
biologic extremes not seen in adults, including deep hypo-
thermia (18°C), hemodilution (threefold to fivefold greater 
dilution of circulating blood volume), low perfusion pres-
sures (20-30 mm Hg), wide variation in pump flow rates 
(ranging from total circulatory arrest to 200 mL/kg/min), 
and differing blood pH management techniques ($-stat, 
pH-stat, or both sequentially). These parameters devi-
ate far from normal physiology and affect preservation of 
normal organ function during and after CPB. In addition 
to these prominent changes, subtle variations in glucose 

supplementation, cannula placement, presence of aorto-
pulmonary collaterals, and patient age affect organ func-
tion during CPB.

Adult patients are infrequently exposed to such bio-
logic extremes; temperature is rarely lowered below 25°C, 
hemodilution is more moderate, perfusion pressure is 
generally maintained at 50 to 80 mm Hg, flow rates are 
maintained at 50 to 65 mL/kg/min, and pH management 
strategy is less consequential because of moderate hypo-
thermic temperatures and rare use of circulatory arrest. 
Variables such as glucose supplementation rarely pose a 
problem in adult patients owing to large hepatic glycogen 
stores. Venous and arterial cannulas are less deforming of 
the atria and aorta, and their placement is more predict-
able. Although superficially similar, the conduct of CPB 
in children is considerably different from that in adults. 
Marked physiologic differences in the response to CPB in 
children can occur. Additionally, several modifiable intra-
operative factors can influence neuropsychologic morbid-
ity (Box 78.3).

Volume of Priming Solutions
The priming solutions used in pediatric CPB take on great 
importance because of the disproportionately large priming 
volume–to–blood volume ratio in children. In adults, the 
priming volume is equivalent to 25% to 33% of the patient’s 
blood volume, whereas in neonates and infants the priming 
volume may exceed the patient’s blood volume by 200%. 
With contemporary low-volume bypass circuits (e.g., small 
volume oxygenators, smaller tubing), priming volume is 
not more than one blood volume in a small neonate. Care 
must be taken, therefore, to achieve a physiologically bal-
anced priming solution and limit the volume as much as 

TABLE 78.8 Differences Between Adult and Pediatric 
Cardiopulmonary Bypass

Parameter Adult Pediatric

Hypothermic  
temperature

Rarely below 25°C 
-30°C

Commonly 15°C -20°C

Use of total circulatory 
arrest

Rare Common

Pump prime
 Dilution effects on 

blood volume
25%-33% 150%-300%

 Additional additives 
in pediatric primes

Blood, albumin

Perfusion pressures 50-80 mm Hg 20-50 mm Hg

Influence of $-stat 
versus pH-stat  
management 
strategy

Minimal at moderate 
hypothermia

Marked at deep 
hypothermia

Measured PaCO2  
differences

30-45 mm Hg 20-80 mm Hg

Glucose regulation
 Hypoglycemia Rare—requires  

significant hepatic 
injury

Common—reduced 
hepatic glycogen 
stores

 Hyperglycemia Frequent—generally 
easily controlled 
with insulin

Less common— 
rebound hypogly-
cemia may occur
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possible. Most pediatric priming solutions, however, have 
quite variable levels of electrolytes, calcium, glucose, and 
lactate. Electrolytes, glucose, and lactate levels may be quite 
high if the solution includes large amounts of banked blood 
or quite low if a minimal amount of banked blood is added. 
Calcium levels are generally very low in pediatric priming 
solutions; this may contribute to the rapid slowing of the 
heart with the initiation of bypass.

The main constituents of the priming solution include 
crystalloid, colloid, and, if necessary, banked blood to main-
tain a temperature-appropriate hematocrit. Other potential 
supplements are fresh frozen plasma, mannitol, a buffer 
(sodium bicarbonate or trishydroxymethylaminomethane 
[THAM]), and steroids. Low concentrations of plasma pro-
teins have been shown experimentally to impair lymphatic 
flow and alter pulmonary function by increasing capillary 
leak.114 Although adding albumin to the pump prime has 
not been shown to alter outcome in adults during CPB, one 
study suggested that maintaining normal colloid osmotic 
pressure may improve survival in infants undergoing 
CPB.115,116

Whole blood, if available, is an alternative to adding both 
packed RBCs and fresh frozen plasma. Blood cells are added 
to the prime solution to maintain a postdilutional hemato-
crit of at least 20% to 25% (usually higher in patients with 
cyanotic CHD), and plasma restores levels of procoagulants. 
Low-volume bypass circuits enable perfusionists and anes-
thesiologists to share a single unit of whole blood, thereby 
limiting the donor.

The addition of any blood products will cause a much 
higher glucose load in the priming solution. Hyperglycemia 
may increase the risk for neurologic injury if brain ischemia 
occurs. Mannitol is added to promote an osmotic diuresis 
and scavenge O2 free radicals from the circulation. Steroids 
are added to stabilize membranes and produce the theoretic 
advantage of reducing ion shifts during periods of ischemia, 
attenuating inflammation caused by CPB, decreasing low 
cardiac output states, and improving fluid balance in the 
postoperative period. Steroids, however, may raise glucose 
levels, which can be detrimental if there is a period of cere-
bral ischemia, and may suppress immune function. Steroids 
remain a controversial additive in priming solutions. Recent 
retrospective data suggest negative effects with its use and 
an association with decreased survival in neonates having 
the Norwood procedure.117 A number of prospective stud-
ies are ongoing to address the role of steroids in pediatric 
cardiac surgery.!

Temperature
Hypothermic CPB is used to preserve organ function dur-
ing cardiac surgery. Three distinct methods of CPB are used: 
moderate hypothermia (25°-32°C), deep hypothermia 
(18°C), and DHCA. The choice of method of bypass is based 
on the required surgical conditions, patient size, type of 
operation, and potential physiologic impact on the patient.

Moderate hypothermic CPB is the principal method of 
bypass employed for older children and adolescents. In 
these patients, venous cannulas are less obtrusive and the 
heart can easily accommodate superior and inferior vena 
cava cannulation. Bicaval cannulation reduces right atrial 
blood return and improves the surgeon’s ability to visualize 
intracardiac anatomy. Moderate hypothermia may also be 
chosen for less demanding cardiac repairs, such as an ASD 
or uncomplicated VSD. Most surgeons are willing to can-
nulate the inferior and superior venae cavae in neonates 
and infants. In these patients, however, this approach is 
technically more difficult and likely to induce brief periods 
of hemodynamic instability. Additionally, the pliability 
of the venae cavae and the rigidity of the cannulas may 
result in caval obstruction, impaired venous drainage, and 
elevated venous pressure in the mesenteric and cerebral 
circulation.

Deep hypothermic CPB is generally reserved for neonates 
and infants requiring complex cardiac repair. However, cer-
tain older children with complex cardiac disease or severe 
aortic arch disease benefit from deep hypothermic temper-
atures. For the most part, deep hypothermia is selected to 
allow the surgeon to operate under conditions of low-flow 
CPB or total circulatory arrest. Low pump flows (50 mL/kg/
min) improve the operating conditions for the surgeon by 
providing a nearly bloodless field. DHCA allows the surgeon 
to remove the atrial or aortic cannula. If this technique is 
used, surgical repair is more precise because of the blood-
less and cannula-free operative field. Arresting the circula-
tion, even at deep hypothermic temperatures, introduces 
the concern of how well deep hypothermia preserves organ 
function, with the brain being at greatest risk. Three-region 
perfusion techniques may be an option to deep hypothermic 
CPB, but further studies are needed to assess feasibility and 
outcomes of this newer strategy.!
Hemodilution
Hemodilution is used during CPB to decrease homologous 
blood use and improve microcirculatory flow by reducing 
blood viscosity during periods of hypothermia. Although 
hemoconcentrated blood has an improved O2-carrying 
capacity, its viscosity reduces efficient flow through the 
microcirculation. With hypothermic temperatures, blood 
viscosity increases significantly and flow decreases. Hypo-
thermia, coupled with the nonpulsatile flow of CPB, impairs 
blood flow through the microcirculation. Blood sludging, 
small vessel occlusion, and multiple areas of tissue hypoper-
fusion may result. Therefore, hemodilution is an important 
consideration during hypothermic CPB.

The appropriate level of hemodilution for a given hypo-
thermic temperature, however, is not well defined. Further, 
hemodilution reduces perfusion pressure; increases CBF, 
thereby potentially increasing the microembolic load to the 
brain; and reduces the O2-carrying capacity of blood.118 
Using an animal model, one group of investigators found 

Air or particulate embolus
Rate and depth of core cooling (if used)
Deep hypothermic circulatory arrest (if used)
Reperfusion injury and inflammation
Rate of core rewarming/hyperthermia
Hyperglycemia
Hyperoxia
pH management during cardiopulmonary bypass
Hematocrit management during cardiopulmonary bypass

BOX 78.3 Central Nervous System Injury 
and Potential Modifiable Intraoperative 
Factors
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that extreme hemodilution to a hematocrit less than 10% 
resulted in inadequate O2 delivery, but with higher hema-
tocrit levels of 30%, there was improved cerebral recovery 
after DHCA.119 Jonas and colleagues120 confirmed these 
findings in a randomized trial using two hemodilution pro-
tocols (20% vs. 30% hematocrit) in infants younger than 
9 months of age. In the short term, the group with lower 
hematocrit values had lower nadirs of cardiac index, higher 
serum lactate levels 1 hour after CPB, and a greater increase 
in total body water on the first postoperative day. At 1 year 
of age, mental development index scores were similar but 
psychomotor development index scores were significantly 
lower in the group with lower hematocrit values. Also, 
infants in this group had psychomotor development scores 
that were 2 standard deviations below the mean. Because 
RBCs serve as the major reservoir of O2 during circulatory 
arrest, especially during rewarming, hematocrit values 
closer to 30% are generally preferred for deep hypothermia 
when this technique is contemplated. Currently, most cen-
ters maintain hematocrit levels approximately 25% to 30% 
during CPB, enhancing O2 delivery to vital organs such as 
the brain. Cerebral O2 delivery is an especially important 
consideration because cerebral autoregulation is impaired 
at deep hypothermic temperatures and after DHCA.

To achieve a hematocrit level of 25% to 30% in neonates 
and infants, banked blood should be added to the priming 
solution. The mixed hematocrit level on CPB (the hemato-
crit level of the total priming volume plus the patient’s blood 
volume) can be calculated by the following formula:

HctCPB = BVpt ! HCTpt/BVpt + TPV

where HctCPB is the mixed hematocrit (TPV + BVpt), BVpt 
is the patient’s blood volume (weight in kilograms ! esti-
mated blood volume in milliliters per kilogram), TPV is the 
total priming volume, and Hctpt is the starting hematocrit 
level of the patient. This calculation allows an estimate of 
the hematocrit level of the patient using an asanguinous 
priming solution and is therefore useful for older children 
and adolescents. In neonates and infants, the perfusion-
ist must add blood to the pump prime to achieve a desired 
hematocrit level during hypothermic CPB. The following 
formula estimates the amount of packed RBCs in millili-
ters that must be added to the prime volume to achieve this 
hematocrit level:

Added RBCs (mL) = (BVpt + TPV) (Hctdesired)
! (BVpt) (Hctpt)

where BVpt is the patient’s blood volume, TPV is the total 
priming volume, Hctdesired is the desired hematocrit level on 
CPB, and Hctpt is the starting hematocrit level of the patient.

Like in adults, the optimal hematocrit level after wean-
ing from CPB is not clear for pediatric patients. Decisions 
concerning post-CPB hematocrit levels are made based 
on the patient’s post-repair function and anatomy. Neo-
nates, patients with residual hypoxemia, and those with 
moderate-to-severe myocardial dysfunction benefit from 
the improved O2-carrying capacity of hematocrit levels of 
40% or higher. Patients with a physiologic correction and 
excellent myocardial function may tolerate hematocrit 
levels of 25% to 30%.121 In children with mild-to-moder-
ate myocardial dysfunction, accepting hematocrit values 

between these levels seems prudent. Therefore, in patients 
with physiologic correction, moderately good ventricu-
lar function, and hemodynamic stability, the risks asso-
ciated with blood and blood product transfusion should 
be strongly considered during the immediate postbypass 
period.!

BLOOD GAS MANAGEMENT

The theoretic benefit of $-stat versus pH-stat blood gas man-
agement during hypothermic CPB has been a topic of great 
debate. Although the pH-stat strategy may not be optimal 
for adults in whom the principal risk for brain injury is 
microembolism, this risk is thought to be lower in infants 
because of the lack of atherosclerotic disease. With pH-stat 
management, the addition of CO2 to the inspired gas mix-
ture during cooling on CPB increases CBF and may improve 
cerebral tissue oxygenation and outcomes.

The controversial issue of pH management during CPB 
has been addressed in a large study from Boston Children’s 
Hospital. In this study, infants younger than 9 months 
of age were randomized to $-stat versus pH-stat during 
deep hypothermic CPB with excellent long-term follow-
up.122,123 Neurodevelopmental outcomes were evaluated 
in infants undergoing biventricular repair for a variety of 
cardiac defects when younger than 9 months of age. The 
short-term benefits identified with the pH-stat strategy 
included a trend toward less postoperative morbidity and 
shorter recovery time to first electroencephalographic 
activity. In patients with TGA, there was a shorter duration 
of intubation and ICU stay in patients.122 However, the use 
of either the $-stat or pH-stat strategies was not consistently 
related to either improved or impaired neurodevelopmental 
outcomes at 2- and 4-year follow-up.123!

INITIATION OF CARDIOPULMONARY BYPASS

Arterial and venous cannula placed in the heart before ini-
tiating CPB may result in significant problems in the peri-
bypass period. A malpositioned venous cannula has the 
potential for vena cava obstruction. The problems of venous 
obstruction are magnified during CPB in the neonate 
because arterial pressures are normally low (20-40 mm 
Hg), and large, relatively stiff cannulas easily distort these 
very pliable venous vessels.114,116 A cannula in the inferior 
vena cava may obstruct venous return from the splanchnic 
bed, resulting in ascites from increased hydrostatic pressure 
or directly reduced perfusion pressure across the mesen-
teric, renal, and hepatic vascular beds. Significant renal, 
hepatic, and gastrointestinal dysfunction may ensue and 
should be anticipated in the young infant with unexplained 
ascites. Similar cannulation problems may result in supe-
rior vena cava obstruction. This condition may be more 
ominous during bypass. Under these circumstances, three 
problems may ensue: (1) cerebral edema, (2) a reduction in 
regional or global CBF, and (3) reduced proportion of pump 
flow reaching the cerebral circulation, causing inefficient 
brain cooling.

In the operating room, superior vena cava pressures via 
an internal jugular catheter should be monitored by exam-
ining the patient’s head for signs of suffusion after initiat-
ing bypass. Discussions with the perfusionist regarding 
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adequacy of venous return and large cooling gradients 
between the upper and lower body should alert the anes-
thesiologist and the surgeon to potential venous cannulae 
problems. Patients with anomalies of the large systemic 
veins (persistent left superior vena cava or azygous continu-
ation of an interrupted inferior vena cava) are at particular 
risk for problems with venous cannulation and drainage.

Problems with aortic cannula placement can occur. The 
aortic cannula may slip beyond the takeoff of the innomi-
nate artery, with blood therefore selectively flowing to the 
right side of the cerebral circulation. Also, the position of the 
tip of the cannula may promote preferential flow down the 
aorta or induce a Venturi effect to steal flow from the cere-
bral circulation. This problem has been confirmed during 
CBF monitoring by the appearance of large discrepancies in 
flow between the right and left hemispheres after initiating 
CPB. The presence of large aortic-to-pulmonary collaterals, 
such as a large PDA, also may divert blood to the pulmonary 
circulation from the systemic circulation, thereby reducing 
CBF and the efficiency of brain cooling during CPB. The 
surgeon should gain control of the ductus either before or 
immediately after instituting CPB to eliminate this problem 
and, if possible, large aortopulmonary collaterals should be 
embolized in the cardiac catheterization laboratory before 
the operative procedure. Neonates with significant aortic 
arch abnormalities (e.g., aortic atresia, interrupted aortic 
arch) may require radical modifications of cannulation 
techniques, such as placing the arterial cannula in the main 
pulmonary artery and temporarily occluding the branch 
pulmonary arteries to perfuse the body via the PDA or even 
dual arterial cannulation of both the ascending aorta and 
main pulmonary artery. Such adaptations require careful 
vigilance to ensure effective, thorough perfusion and cool-
ing of vital organs.

Once the aortic and venous cannulas are positioned and 
connected to the arterial and venous limb of the extracorpo-
real circuit, bypass is initiated. The arterial pump is slowly 
started, and, once forward flow is ensured, venous blood 
is drained into the oxygenator. Pump flow rate is gradu-
ally increased until full circulatory support is achieved. If 
venous return is diminished, arterial line pressure is high, 
or mean arterial pressure is excessive, pump flow rates 
must be reduced. High line pressure and inadequate venous 
return are usually caused by malposition or kinking of the 
arterial and venous cannulae, respectively. The rate at 
which venous blood is drained from the patient is deter-
mined by the height difference between the patient and the 
oxygenator inlet and the diameter of the venous cannula 
and line tubing. Venous drainage can be increased by using 
vacuum-assisted drainage under certain circumstances.

In neonates and infants, deep hypothermia is commonly 
used. For this reason, the pump prime is kept cold (18°-
22°C). When the cold perfusate contacts the myocardium 
during the institution of CPB, heart rate slows immedi-
ately and contraction is impaired. The contribution of total 
blood flow pumped by the infant’s heart rapidly diminishes. 
Therefore, to sustain adequate systemic perfusion at or near 
normothermic temperatures, the arterial pump must reach 
full flows quickly.

CPB is initiated in neonates and infants by beginning 
the arterial pump flow first. Once aortic flow is ensured, 
the venous line is unclamped and blood is siphoned out 

of the RA into the inlet of the oxygenator. Flowing before 
unclamping the venous line prevents the potential problem 
of exsanguination if aortic dissection or misplacement of 
the aortic cannula occurs. Neonates and infants have a low 
blood volume–to–priming volume ratio, and intravascular 
volume falls precipitously if the venous drainage precedes 
aortic inflow. Once the aortic cannula position is verified, 
pump flow rates are rapidly increased to maintain effec-
tive systemic perfusion. Because coronary artery disease is 
rarely a consideration, the myocardium should cool evenly 
unless distortion caused by the cannulas compromises the 
coronary arteries. When a cold prime is used, caution must 
be exercised in using the pump to infuse volume before ini-
tiating CPB. Infusion of cold perfusate may result in brady-
cardia and impaired cardiac contractility before the surgeon 
is prepared to initiate CPB.

Once CPB is initiated, appropriate circuit connections, 
myocardial perfusion, and optimal cardiac decompression 
should be confirmed. Ineffective venous drainage can rap-
idly result in ventricular distention. This is especially true 
in infants and neonates, in whom ventricular compliance 
is low and the heart is relatively intolerant of excessive pre-
load augmentation. If ventricular distention occurs, pump 
flow must be reduced and the venous cannula repositioned. 
Alternatively, the heart may be decompressed by placing a 
cardiotomy suction catheter or small vent in the appropri-
ate chamber.!

PUMP FLOW RATES

Recommendations for optimal pump flow rates for chil-
dren have historically been based both on the patient’s 
body mass and on evidence of efficient organ perfusion as 
determined by arterial blood gases, acid-base balance, and 
whole-body O2 consumption during CPB.124 At hypother-
mic temperatures, metabolism is reduced, and CPB flow 
rates can therefore be reduced and still meet or exceed the 
tissue’s metabolic needs (see the discussion of low-flow CPB 
in the following section).!

SPECIAL TECHNIQUES

Deep Hypothermic Circulatory Arrest
A certain subset of neonates, infants, and children with CHD 
require extensive repair of complex congenital heart defects 
using DHCA. This technique facilitates precise surgical 
repair under optimal conditions, with no blood or cannulae 
in the operative field and providing maximal organ protec-
tion and often resulting in shortened total CPB time. The 
scientific rationale for the use of deep hypothermic temper-
atures rests primarily on a temperature-mediated reduction 
of metabolism. Whole-body and cerebral O2 consumption 
during induced hypothermia decreases the metabolic rate 
for O2 by a factor of 2 to 2.5 for every 10°C reduction in tem-
perature.125 These results are consistent with in-vitro mod-
els, which relate temperature reduction to a decrease in the 
rate constant of chemical reactions, as originally described 
by Arrhenius using the equation k = Ae " RT. The reduc-
tion in O2 supply during deep hypothermic low-flow CPB is 
associated with preferential increases in vital organ perfu-
sion (e.g., to the brain) and increased extraction of O2.126 
Therefore, to some extent, deep hypothermic low-flow CPB 
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exerts a protective effect by reducing the metabolic rate for 
O2, promoting preferential organ perfusion, and increasing 
tissue O2 extraction.

The duration of the safe period for DHCA has not clearly 
been delineated.127 Although all organ systems are at risk 
for the development of ischemic and reperfusion injury, 
as manifested by lactate and pyruvate production during 
DHCA, the brain appears to be the most sensitive to and 
the least tolerant of these effects. Brainstem and cortical 
evoked potentials as well as processed electroencephalo-
graphs are altered after DHCA.127-129 The abnormalities 
in evoked potentials appear to be related to the duration 
of DHCA and are attributed to altered metabolism. Dur-
ing reperfusion after the arrest period, CBF and metabo-
lism remain depressed in neonates and small infants (Fig. 
78.9; also see Fig. 78.6).70 Importantly, during the use 
of these extremes of temperature, autoregulation is lost 
and cerebral perfusion becomes highly dependent on the 
extracorporeal perfusion and presumably postbypass 
hemodynamic performance.

The potentially deleterious effects of prolonged DHCA 
in infants and neonates are well described. In general, it is 
agreed that very prolonged periods of uninterrupted DHCA 
may have adverse neurologic outcomes. However, consid-
erable disagreement exists if a “safe” period of DHCA exists 
and whether patient-specific, procedure-specific, or postop-
erative management strategies may attenuate or promote 
CNS damage from DHCA. Cases have been reported of detri-
mental effects of DHCA on a variety of outcomes regarding 
the CNS, while others have described an inconsistent effect 
or no effect.122,130,131 Three issues have become clear over 
time: (1) the effects of short durations of DHCA are inconsis-
tently related to adverse outcomes, (2) the effect of DHCA is 
not a linear phenomenon, and (3) the effects are most likely 
modified by other patient-related, preoperative, and post-
operative factors.131-133 A large-scale study of 549 subjects 
undergoing the Norwood stage 1 procedure with DHCA 
found duration of greater than 45 minutes to be a risk fac-
tor for 30-day mortality.134!

Regional Cerebral Perfusion
Some surgeons have developed innovative and challenging 
strategies to provide continuous cerebral perfusion during 
complex reconstruction of the aortic arch or intracardiac 
repair to avoid or minimize the use of DHCA. However, 
avoiding DHCA, the duration of CPB is necessarily length-
ened, and longer durations of CPB have been shown to 
adversely affect both short- and long-term outcomes.51,52 
The relative risks and benefits of longer CPB versus less (or 
no) DHCA remain a subject of continued controversy. In 
efforts to study this newer strategy, two recent studies have 
evaluated the technique of regional cerebral perfusion. In 
one non-randomized study, Wypij and colleagues135 fol-
lowed 29 infants who underwent a stage 1 palliation, 9 
of whom received regional cerebral perfusion at 30 to 40 
mL/kg/min. The authors reported no difference in men-
tal or psychomotor developmental indices at 1 year of age 
between the regional cerebral perfusion group and those 
who received DHCA as a primary strategy. A larger ran-
domized trial of DHCA with or without regional cerebral 
perfusion at 20 mL/kg/min in patients with a functional 
single ventricle included 77 patients with similar survival to 
hospital discharge (88%) and at 1-year follow-up (75%).136 
No significant difference was seen in either the psychomo-
tor development index or the mental development index 
scores between the two groups at any time points, although 
the scores tended to be lower in the regional cerebral perfu-
sion group.

A further innovation to the previously described tech-
nique is a three-region perfusion strategy for aortic arch 
reconstruction in the Norwood procedure. This strategy 
involves direct perfusion of the coronaries via a proximal 
aortic cannula, splanchnic beds via a distal thoracic aorta 
cannula, and cerebral perfusion via an innominate can-
nula. The arch repair occurs from distal to proximal at 
warmer patient temperatures and with a beating heart. 
This theoretically provides the potential for decreased cor-
onary and splanchnic ischemic times, decreasing the risk 
of cardiac dysfunction and abdominal organ damage, and 
mitigating the negative hypothermic effects on the hema-
tological system.2,3 Larger, long-term studies are needed to 
assess the efficacy of this technique in improving cardiovas-
cular, renal, and other outcomes.!
Glucose Regulation
The detrimental effects of hyperglycemia during complete, 
incomplete, and focal cerebral ischemia are well demon-
strated.137,138 The role of glucose in potentiating cerebral 
injury appears to rest on two factors: adenosine triphos-
phate (ATP) usage and lactic acidosis.139,140 The anaerobic 
metabolism of glucose requires phosphorylation and the 
expenditure of two molecules of ATP before ATP produc-
tion can occur. This initial ATP expenditure may result in a 
rapid depletion of ATP and may explain why hyperglycemia 
worsens neurologic injury. Lactic acidosis is also important 
in glucose-augmented cerebral injury, though its role may 
be as a glycolytic enzyme inhibitor: lactate slows anaerobic 
ATP production by inhibiting glycolysis immediately after 
ATP is consumed in the phosphorylation of glucose.141

Although the detrimental effects of hyperglycemia dur-
ing ischemia are clear, very little evidence supports a rela-
tionship between a worsening neurologic outcome and 

0.0
:0.1
:0.2
:0.3
:0.4
:0.5 1.0

0.8

1.4
1.2

0.6
0.4
0.2
0.0

I IIIA III IV V

*
*

*

*

*

*

Measurement intervals

Cy
t a

a 3

CM
RO

2

DCHA group

Fig. 78.9 Bar graph of variations in cytochrome oxidase (cyt aa3) 
near-infrared spectroscopic signals and cerebral metabolic rate 
for oxygen (CMRO2) in subjects with deep hypothermic circulatory 
arrest (DHCA). Each point of cyt aa3 represents mean ± SE in six sub-
jects; CMRO2 values are mean ± SD. Negative values in cyt aa3 represent 
relative decreases in quantity of oxidized enzyme. *CMRO2 and cyt aa3 
are significantly different from control, P ± .05.
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hyperglycemia during CPB or DHCA in children. A review 
of acquired neurologic lesions in patients undergoing the 
Norwood stage 1 procedure for HLHS suggested hypergly-
cemia as a significant associated finding in patients with 
extensive cerebral necrosis or intraventricular hemorrhage. 
A host of other potentially damaging factors (e.g., periods of 
hypoxia, low diastolic and systolic pressure, thrombocyto-
penia) were statistically associated with the observed neu-
ropathology.142 Whether glucose directly contributes to 
neurologic injury or merely serves as a marker for a high-
risk population that ultimately suffers neurologic insult as a 
result of other factors is not clear.

Hypoglycemia is also a frequent concern in neonates 
during the perioperative period. Reduced hepatic glu-
coneogenesis coupled with decreased glycogen stores 
places the newborn at increased risk for hypoglycemic 
events. In newborns with CHD, reduced systemic per-
fusion (e.g., critical coarctation, HLHS, critical aortic 
stenosis) may result in worsening hepatic biosynthesis, 
further impairing glucose production. These patients 
may be fully dependent on exogenous glucose; therefore, 
it is not uncommon for them to require 20% to 30% dex-
trose infusions to maintain euglycemia in the prebypass 
period. Older children are not immune to hypoglycemic 
events and are therefore susceptible to hypoglycemia-
induced neurologic injury. Patients with low cardiac out-
put states (cardiomyopathies, pre-transplant patients, 
critically ill postoperative patients) requiring reopera-
tion and when on substantial inotropic support are at 
high risk for reduced glycogen stores and intraoperative 
hypoglycemia.143

The impact of hypoglycemia during CPB is further 
complicated by the consequences of hypothermia, CO2 
management, and other factors that may modify normal 
cerebrovascular responses during bypass. In a dog model, 
insulin-induced hypoglycemia to 30 mg/dL did not alter 
the electroencephalographic findings. However, after 10 
minutes of hypocapnic hypoglycemia, the electroencepha-
logram became flat.144 The loss of electroencephalographic 
activity from hypoglycemia alone does not normally occur 
above glucose levels of 8 mg/dL.145

During deep hypothermic CPB and DHCA, CBF and 
metabolism are altered. The additive effect of hypoglycemia, 
even if mild, may cause alterations in cerebral autoregula-
tion and culminate in increased cortical injury.142 The 
common practice of using hyperventilation to reduce PVR 
in neonates and infants during weaning from CPB and in 
the early postbypass period can further exacerbate hypogly-
cemic injury. Glucose monitoring and rigid maintenance of 
euglycemia are an important part of CPB management in 
the patient with CHD.!
Renal Effects
After CPB, the combined effects of hypothermia, nonpul-
satile perfusion, and reduced mean arterial pressure cause 
release of angiotensin, renin, catecholamines, and antidi-
uretic hormones.146-148 These circulating hormones pro-
mote renal vasoconstriction and reduce renal blood flow. 
However, despite the negative impact of CPB on renal 
function, low-flow, low-pressure, nonpulsatile perfusion 
has not been linked with postoperative renal dysfunc-
tion (Table 78.9).147 The factors that best correlate with 

postoperative renal dysfunction are preoperative renal dys-
function and profound reductions in post-CPB cardiac out-
put. Preoperative factors include primary renal disease, low 
cardiac output, and dye-related renal injury after cardiac 
catheterization.148

Acute kidney injury after pediatric cardiac surgery has 
an incidence between 20% to 60% depending on criteria 
used.149 Multiple causative factors are involved, and the 
final common result is oliguria and an increased serum 
creatinine. Diuretics have been the mainstay of promoting 
urine flow after pediatric CPB. Furosemide in a dose of 1 to 
2 mg/kg or ethacrynic acid 1 mg/kg every 4 to 6 hours, or 
both, induces diuresis and may reverse renal cortical isch-
emia associated with CPB. After DHCA, a 24-hour period 
of oliguria or anuria can occur that resolves over the next 
12- to 24-hour period. The use of diuretics is effective only 
after spontaneous urine output has been initiated in these 
patients.

Glomerular filtration rate, creatinine clearance, and 
medullary concentrating ability are substantially reduced 
in neonates and young infants. Therefore, the use of CPB 
in these patients results in greater fluid retention than is 
typically seen in older children and adult patients. The net 
result may be increased total body water, increased organ 
weight (e.g., lungs, heart), and greater difficulty with 
postoperative weaning from ventilatory support. The use 
of ultrafiltration during rewarming or after CPB is effec-
tive in reducing total body water, limiting the damaging 
effects of CPB, and decreasing the postoperative ventila-
tion period.150,151!
Pulmonary Effects
Cardioplegia protects the heart, but no parallel protection is 
afforded to the lungs during bypass. Pulmonary dysfunction 
is common after CPB, and its pathogenesis is poorly under-
stood (see Table 78.9). In the broadest terms, lung injury 
is mediated in one of two ways: first, by an inflammatory 

TABLE 78.9 Sequelae of Pediatric Cardiopulmonary 
Bypass

End-Organ Injury Cause and Signs

Renal injury Organ immaturity, preexisting renal disease
Post–cardiopulmonary bypass low cardiac 

output, use of DHCA
Renal dysfunction characterized by reduced 

GFR and ATN

Pulmonary injury Endothelial injury, increased capillary leak, 
complement activation, and leukocyte 
degranulation

Pulmonary dysfunction characterized by 
reduced compliance, reduced FRC, and 
increased A-a gradient

Cerebral injury after 
DHCA

Loss of autoregulation, suppressed metabo-
lism and cerebral blood flow, cellular acido-
sis, and cerebral vasoparesis

CNS dysfunction characterized by seizures, 
reduced developmental quotients, choreo-
athetosis, learning disabilities, behavioral 
abnormalities

A-a, Alveolar-arterial; ATN, acute tubular necrosis; CNS, central nervous sys-
tem; DHCA, deep hypothermic circulatory arrest; FRC, functional residual 
capacity; GFR, glomerular filtration rate.
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response resulting from leukocyte and complement activa-
tion and, second, by a mechanical effect culminating in sur-
factant loss, atelectasis with resultant ventilation-perfusion 
mismatch, loss of lung volumes, and altered mechanics of 
breathing.

Pulmonary function after CPB is characterized by reduced 
static and dynamic compliance, reduced functional residual 
capacity, surfactant deficiency, and an increased A-a gra-
dient.152,153 Atelectasis and increased capillary leak due 
to hemodilution and hypothermic CPB are the most likely 
causes. Hemodilution reduces circulating plasma proteins, 
reducing intravascular oncotic pressure, and favors water 
extravasation into the extravascular space. Hypothermic 
CPB causes complement activation and leukocyte degran-
ulation.154 Leukocytes and complement are important in 
causing capillary-alveolar membrane injury and micro-
vascular dysfunction through platelet plugging and release 
of mediators, which increase PVR. The technique of MUF 
is highly effective in reducing lung water and pulmonary 
morbidity during the postoperative period.!

STRESS RESPONSE AND CARDIOPULMONARY 
BYPASS

The release of a large number of metabolic and hormonal 
substances, including catecholamines, cortisol, growth 
hormone, prostaglandins, complement, glucose, insulin, 
endorphins, and other substances, characterizes the stress 
response during hypothermic CPB.9,155 The likely causes of 
the elaboration of these substances include contact of blood 
with the nonendothelialized surface of the pump tubing 
and oxygenator, nonpulsatile flow, low perfusion pressure, 
hemodilution, hypothermia, and light anesthesia depth. 
Other factors that may contribute to elevations of stress 
hormones include delayed renal and hepatic clearance 
during hypothermic CPB, myocardial injury, and exclu-
sion of the pulmonary circulation from bypass. The lung 
is responsible for metabolizing and clearing many of these 
stress hormones. The stress response generally peaks dur-
ing rewarming from CPB. Strong evidence indicates that 
the stress response can be blunted by increasing the depth 
of anesthesia.9,155

The stress response in return can mediate undesirable 
effects such as myocardial damage (catecholamines), sys-
temic and pulmonary hypertension (catecholamines, 
prostaglandins), pulmonary endothelial damage (comple-
ment, prostaglandins), and pulmonary vascular reactiv-
ity (thromboxane). The benefits of controlling the stress 
response with fentanyl in premature infants undergoing 
PDA ligation and with sufentanil in neonates with complex 
CHD have been demonstrated.95,156 Although blunting 
the stress response seems warranted, additional evidence 
suggests that the newborn stress response, especially the 
endogenous release of catecholamines, may be an adaptive 
metabolic response necessary for survival at birth.157 Thus, 
the complete elimination of an adaptive stress response may 
not be desirable. To what extent acutely ill neonates with 
CHD depend on the stress response for maintaining hemo-
dynamic stability is currently unknown.

A depth of anesthesia adequate to attenuate the stress 
response should be used, but to attempt to block the response 
altogether is likely not necessary. Acceptable anesthesia 

during CPB may be best accomplished by the continuous 
administration of an inhaled anesthetic via a vaporizer con-
nected to the pump oxygenator, dexmedetomidine infu-
sion, careful titration of incremental doses of opioids, or the 
precise administration of an opioid or opioid and benzodi-
azepine by a continuous infusion technique. Primary opi-
oid anesthetic techniques result in reduced stress hormone 
release and decreased postoperative metabolic acidosis and 
lactate production compared with halothane anesthesia 
and may therefore be a preferred technique in complex 
CHD.95 If an adequate depth of anesthesia is accomplished 
by the administration of excessively large doses of opioids 
(e.g., fentanyl or sufentanil), postoperative mechanical 
ventilation will be necessary. By contrast, residual levels 
of inhaled anesthetics (e.g., halothane or isoflurane) can 
produce transient myocardial depression at the termina-
tion of CPB, complicating separation from CPB. Because of 
the improved surgical techniques coupled with the reduced 
morbidity of CPB, the use of high doses of an opioid anes-
thetic is infrequent in current practice.!

DISCONTINUATION OF CARDIOPULMONARY 
BYPASS

In separating the patient from CPB, blood volume is 
assessed by direct visualization of the heart and monitor-
ing right atrial or left atrial filling pressures. When filling 
pressures are adequate, the patient is fully warmed, acid-
base status is normalized, heart rate is adequate, and sinus 
rhythm has been achieved, the venous drainage is stopped 
and the patient can be weaned from bypass. The arterial 
cannula is left in place so that a slow infusion of residual 
pump blood can be used to optimize filling pressures. Myo-
cardial function is assessed by direct cardiac visualization 
and a transthoracic left or right atrial catheter, by a percu-
taneous internal jugular catheter, or by the use of intraop-
erative echocardiography. Pulse oximetry also can be used 
to assess the adequacy of cardiac output.158 Low systemic 
arterial saturation or the inability of the oximeter probe to 
register a pulse may be a sign of very low output and high 
systemic resistance.159

After the repair of complex congenital heart defects, the 
anesthesiologist and surgeon may have difficulty separat-
ing patients from CPB. Under these circumstances, a diag-
nosis must be made and includes (1) an inadequate surgical 
result with a residual defect requiring repair, (2) pulmo-
nary artery hypertension, and (3) right or left ventricular 
dysfunction.

Two general approaches are customarily used, either 
independently or in conjunction. An intraoperative “car-
diac catheterization” can be performed to assess isolated 
pressure measurements from the various great vessels and 
chambers of the heart (i.e., catheter pullback measure-
ments or direct needle puncture to evaluate residual pres-
sure gradients across repaired valves, sites of stenosis and 
conduits, and O2 saturation data to examine for residual 
shunts).160 Alternatively, echo-Doppler imaging may be 
used to provide an intraoperative image of structural or 
functional abnormalities to assist in the evaluation of the 
postoperative cardiac repair.7,161 If structural abnormali-
ties are found, the patient can be placed back on CPB and 
residual defects can be repaired before the patient leaves 
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the operating room. Leaving the operating room with a sig-
nificant residual structural defect adversely affects survival 
and increases patient morbidity (see Fig. 78.5).7,161 Echo-
Doppler imaging can rapidly identify right and left ven-
tricular dysfunction and suggest the presence of pulmonary 
artery hypertension. In addition, echo-Doppler imaging can 
identify regional wall motion abnormalities caused by isch-
emia or intramyocardial air that will direct specific pharma-
cologic therapy and provide a means of assessing the results 
of these interventions (Fig. 78.10).162!

ULTRAFILTRATION

Institution of CPB in neonates, infants, and young chil-
dren results in a profound proinflammatory response and 
significant hemodilution. This may contribute to post-CPB 
morbidity and mortality resulting from poor organ func-
tion. The organ systems most affected by this are the heart, 
lungs, and brain. Although contact between the patient’s 
blood and the foreign surface of the bypass circuit is a potent 
stimulus to trigger the inflammatory cascade, other fac-
tors including ischemia, profound hypothermia, rewarm-
ing, and surgical trauma are also important in its genesis. 
These inflammatory mediators include complement ana-
phylatoxins, vasoactive amines, and cytokines (e.g., tumor 
necrosis factor-$ [TNF-$]) that lead to an increase in vas-
cular permeability.163 Hemodilution occurs at the onset 
of CPB despite the use of physiologically balanced priming 
solutions that include blood, crystalloid, albumin, and buf-
fer and smaller volume circuits. Hemodilution may, how-
ever, be advantageous in patients in whom the surgery is 
performed under hypothermic conditions ranging from 
mild hypothermia to DHCA. Initiation of CPB will change 
the viscoelastic properties of blood, and these changes 
have been shown to continue into the post-CPB period.164 
Although the mode of perfusion, cardiotomy suction, arte-
rial roller pump type, and shear forces of the CPB circuit 
are important, it is the temperature and hematocrit of the 

blood that play the most important role in changing visco-
elasticity. It has been shown that low temperature with a 
high hematocrit leads to a higher viscosity.165 This elevated 
viscosity may lead to altered organ perfusion, particularly 
in the brain. Because of these alterations in blood viscos-
ity, hemodilution is tolerated in the cooling phases of CPB. 
Although advantageous early, this hemodilution combined 
with the inflammatory response will lead to transudation 
of fluid into the extravascular space, which in turn leads to 
the potential for organ dysfunction as eluded to earlier. Pre-
vention of organ dysfunction and improved oxygenation 
by the removal of excess fluid and inflammatory mediators 
are the rationale, therefore, in the use of ultrafiltration. The 
end result is removal of plasma water and low-molecular-
weight solutes across a semipermeable membrane.

Essentially, five forms of ultrafiltration are used in mod-
ern perfusion practice, three of which are while the patient 
is on CPB. Prime ultrafiltration is used when packed RBCs 
are added to the prime solution and is performed in the 
prebypass phase; prime ultrafiltration aims to replace crys-
talloid prime with blood prime, adjust pH, alter electrolyte 
concentration to safer levels, and remove inflammatory 
mediators potentially present in the donor blood.166 Con-
ventional ultrafiltration (CUF) involves the removal of 
fluid at any time while the patient is being supported by 
CPB. A common use for this method is removal of the vol-
ume of clear fluid equal to the volume of cardioplegia used. 
CUF can be performed during all phases of CPB. It involves 
the placement of an ultrafilter within the circuit and con-
nected either to the venous line or the venous reservoir. The 
removal of an excess of ultrafiltrate will result in low reser-
voir volumes. In zero balance ultrafiltration, once fluid has 
been removed it is replaced with crystalloid to avoid inad-
equate reservoir volume, and thus there is no net removal 
of volume.

The third method of on-bypass ultrafiltration is dilutional 
ultrafiltration, which is employed when the concentration 
of a given electrolyte (e.g., potassium) is deemed elevated. 

A B  

Fig. 78.10 (A) Two-dimensional echocardiogram in the short-axis view across the ventricles demonstrating the presence of intramyocardial air (arrow) 
in the ventricular septum and right ventricular wall. The intramyocardial air appears as a dense, “snowy” echogenic area. Note the associated wall 
motion abnormality appearing as flattening of the ventricular septum. (B) The patient was treated with phenylephrine, increasing systemic and coro-
nary perfusion pressure, resulting in clearance of the air, normalization of the echogenic density, and restoration of normal left ventricular (LV) wall 
motion and configuration.
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The method involves removal of ultrafiltrate with its 
replacement by half with normal saline, thus diluting the 
concentration of the given electrolyte to safer levels. All 
on-bypass ultrafiltration have similar end points—that is, 
attempted removal of excess clear fluid resulting in hemo-
concentration, removal of inflammatory mediators, and 
manipulation of electrolyte concentrations to safe levels.

MUF, first described by Naik and associates150 in 1991, 
involves filtration of blood once the patient has been weaned 
from bypass. This can be achieved either by a venovenous 
technique in which blood is removed and returned to the 
atrium once concentrated or by an arteriovenous tech-
nique in which blood is removed via the aortic cannula and 
returned via the venous line.150,167,168 In more detail, in 
this technique blood is removed in a retrograde fashion by 
the aortic cannula and passes through the ultrafilter along 
with remaining circuit volume from the venous reservoir 
and oxygenator. Flow through the ultrafilter is maintained 
by a roller pump at flows of between 10 and 30 mL/kg, with 
the slower rates resulting in a more gradual change in the 
intravascular fluid compartment and thus potentially better 
tolerated. A constant atrial pressure is maintained through-
out the procedure by adding crystalloid into the venous 
reservoir as needed. Suction is applied to the filtrate port to 
achieve a maximal transmembrane pressure, thus allowing 
for ultrafiltration rates of between 100 and 150 mL/min. 
End points for the process of MUF are time (15-20 minutes) 
and reaching of a target hematocrit (usually 40%) once the 
circuit volume has been replaced by crystalloid or should 
the patient’s hemodynamics not tolerate the procedure.

Cardiac surgeries in the very young may be complex 
with potentially protracted CPB and cross-clamp times. 
Therefore, myocardial performance is more commonly 
depressed after weaning from CPB. Although ultrafiltra-
tion is used during CPB in an attempt to remove excess 
body water, it appears from studies that it is the use of MUF 
that significantly improves myocardial performance (Fig. 
78.11).169,170 Using echocardiographic measurements in a 
study of infants undergoing corrective surgery under non-
hypothermic arrested conditions, Davies and associates171 
found improvements in both systolic and diastolic function 
in the children studied. They found that the preload recruit-
able stroke work, which is load independent, improved after 
MUF and was thus a good indicator of improved systolic 
function. The same study showed that after MUF a decrease 
in the myocardial wall thickness and cross-sectional area 
occurred that was not present in the control group of 
patients who received no ultrafiltration. These reductions 
result in an increase in end-diastolic length and a fall in end-
diastolic pressure, both of which are indicators of improved 
diastolic function. Although presumably it was the decrease 
in myocardial edema that was the cause for these improve-
ments, increased hematocrit also was observed. Because 
these positive effects were not seen past 24 hours, the abso-
lute benefit of MUF is not clear.171

Pulmonary dysfunction is one of the most common neg-
ative effects of CPB172; MUF is utilized to improve oxygen-
ation, decrease the effects of inflammatory mediators on the 
alveolar capillary membrane, and decrease pulmonary vas-
cular reactivity. Studies have demonstrated that in patients 
in whom ultrafiltration and MUF were used, improvements 
in pulmonary compliance, decreased airway resistance, 

pulmonary arterial reactivity, and improved oxygenation 
were demonstrated.172-175 It is therefore obvious why these 
methods have found such wide acceptance in pediatric 
cardiac surgery, particularly in patients in whom normal 
compliance with low PVR is vital (i.e., those with single-
ventricle physiology). Although these studies commonly 
find improvement in pulmonary function immediately after 
weaning from CPB and the completion of MUF, disagree-
ment exists as to whether these effects result in improved 
function much beyond 6 hours, with some showing little if 
any benefit at 24 hours. A conclusion, however, from these 
studies is that combination of on-bypass ultrafiltration cou-
pled with MUF has the best results in the early postbypass 
period.

In a study performed on a piglet model of DHCA, the 
use of MUF after CPB improved hematocrit, cerebral O2 
delivery, and cerebral O2 consumption, thus representing 
a potential reduction in cerebral injury. Further studies 
have made similar conclusions, demonstrating that four 
variables are of importance in improving cerebral oxy-
genation: PCO2, mean arterial pressure, hematocrit, and 
MUF flow rate.176,177 Increasing all except MUF flow rate 
improved O2 delivery. Increasing the flow rate appeared to 
cause a steal-like phenomenon in which apparent diastolic 
runoff occurred into the MUF circuit from the aortic can-
nula. Thus, although the process of MUF is important for 
recovery of normal cerebral function, care must be used 
not to negate the benefits by decreasing the time on MUF by 
increasing the flow rates (Fig. 78.12).

Common to the improvement in cardiac and pulmo-
nary function are the associated decrease in inflammatory 
mediators seen after ultrafiltration. Studies have shown 

90

100

80

70

60

50

*

MUF No MUF

Weaned from CPB
15 min post wean

 *P !.001

Sy
st

ol
ic

 B
P 

(m
m

 H
g)

Fig. 78.11 Systolic blood pressure (BP) after separating from car-
diopulmonary bypass (CPB) and 15 minutes after separating with 
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that the ultrafiltrate contains a wide variety of low-molec-
ular-weight inflammatory mediators, including C3a, C5a, 
interleukin (IL)-6, IL-8, TNF, myocardial depressant factor, 
and endothelin.173,178,179 It is the removal of endothelin-1 
after MUF that results in the improvement of pulmonary 
vascular reactivity, which is of great importance, particu-
larly in infants younger than 4 to 6 months of age, when 
pulmonary vascular reactivity is high, and in patients who 
are having staged cavopulmonary reconstructions. TNF, a 
potent inflammatory mediator implicated in the develop-
ment of capillary leak syndrome seen after CPB, has been 
shown to be removed best by MUF. Despite these positive 
effects of MUF, the literature does not give a clear advantage 
of one form of ultrafiltration over the other, and it may be 
the combination of these methods that once again shows 
the best potential results.

Another important post-CPB issue is ongoing blood loss. 
The use of MUF will result in an elevation of the patient’s 
hematocrit secondary to the removal of the excess body 
water, as already discussed. This further results in decreased 
blood use and the observation that there is less postopera-
tive bleeding.180 Indeed, in older children attempts can thus 
be made to avoid the use of donor blood altogether.

Disadvantages to these techniques are noted. The addi-
tion of an ultrafilter to the CPB circuit adds a level of com-
plexity to the circuitry and thus another potential area 
in which circuit-related complications may occur. Oppo-
nents of MUF note also the following potential problems: 
the potential for air entrainment into the arterial cannula, 
additional time in which the patient is anticoagulated, 
potential for hypovolemia as volume is drawn off from the 
patient, hypothermia because the filtered volume does not 
pass through the heater/oxygenator, and the potential for 
the increase in the plasma concentration of drugs (e.g., 
fentanyl).181 Another interesting complication potentially 
associated with ultrafiltration was the reduction in thyroid 
hormone. This acute hypothyroidism may lead to depressed 
function, manifesting as decreased contractility, heart 
rate, cardiac output, and elevated SVR, all of which will 

clearly affect the immediate post-CPB period.182 As with 
other techniques in medicine the benefit versus risk must 
be seriously considered, but from the presented evidence 
the use of ultrafiltration both on and off CPB is extremely 
beneficial and these methods are thus commonly used in 
modern pediatric cardiac surgery with good result and little 
complication.143,145,183,184

In the preceding paragraphs the discussion concluded 
that no clear advantage has been determined of one method 
of ultrafiltration over the other. Unfortunately, comparing 
a wide range of patients having different surgeries under 
different conditions is difficult, and thus it appears that from 
the articles referenced the best strategy would include both 
the use of on-CPB ultrafiltration and the use of MUF once 
the patient has been separated from bypass to achieve the 
goals of decreasing total-body water; removal of inflamma-
tory mediators; improved hematocrit, and thus O2-carrying 
capacity; and preservation of vital organ function. With 
the miniaturization of CPB circuits and resultant reduced 
hemodilution, some institutions have stopped using MUF 
because it simplifies and decreases the volume of the CPB 
circuit. They believe there is an advantage to preventing 
hemodilution rather than reversing hemodilution with 
MUF. Significantly miniaturizing circuits is also not with-
out safety concerns as it may limit the ability to increase 
CPB flow rates. At our institution we continue to use MUF 
for the many reasons previously described.!

SPECIFIC PROBLEMS ENCOUNTERED IN 
DISCONTINUING CARDIOPULMONARY BYPASS
Left Ventricular Dysfunction
The contractile state of the LV may be reduced after pedi-
atric cardiac surgery, due to surgically induced ischemia 
during the repair, the preoperative condition of the myo-
cardium, the effects of DHCA on myocardial compliance, 
and new, altered loading conditions on the LV caused by 
the repair.185,186 Left ventricular dysfunction can be treated 
by optimizing preload, increasing heart rate, increas-
ing coronary perfusion pressure, correcting ionized cal-
cium levels, and adding inotropic support. The neonate’s 
heart rate–dependent cardiac output, reduced myocardial 
compliance, and diminished response to calcium and cat-
echolamines are factors influencing the need for inotropic 
support. Inotropic support usually begins with epinephrine 
0.03 to 0.05 µg/kg/min or dopamine 3 to 10 µg/kg/min. 
Several studies suggest that the effect of dopamine in chil-
dren is age dependent. After cardiac surgery in young chil-
dren, dopamine increases cardiac output, which correlates 
more with elevations in heart rate than augmentation of 
stroke volume, whereas, in young adults, dopamine clearly 
increases stroke volume. Nonetheless, infants and neonates 
respond favorably to epinephrine and dopamine infusions 
with increased systemic arterial blood pressure and cardiac 
output and improved systemic perfusion.

Calcium supplementation is important in augmenting 
cardiac contractility. Although calcium supplementation 
has fallen into some disfavor because of concerns over 
reperfusion injury, it remains an important therapy after 
pediatric cardiac surgery. Fluctuations in ionized calcium 
levels occur commonly in the immediate post-CPB period 
in children. This is most often due to the relatively large 
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transfusions of citrate-rich and albumin-rich blood prod-
ucts, such as whole blood, fresh frozen plasma, platelets, 
and cryoprecipitate necessary for hemostasis, all of which 
bind calcium.187 Routine calcium supplementation during 
the early post-CPB period is especially helpful in patients 
with diminished left ventricular function. In patients with a 
slow sinus or junctional rate, calcium must be administered 
cautiously because marked slowing of AV conduction may 
occur.

Epinephrine 0.02 to 0.2 µg/kg/min is useful in patients 
with significant left ventricular dysfunction who remain 
hypotensive with high left atrial filling pressures or echo-
Doppler imaging evidence of reduced contractility or 
regional ischemia.188

Milrinone, a potent phosphodiesterase-3 inhibitor, is also 
an effective inotrope-vasodilator in infants and children. 
Studies in neonates after open-heart surgery reveal sig-
nificant reductions in SVR and PVR and increases in car-
diac index, primarily as a result of larger stroke volume.189 
Infants and children demonstrate a larger volume of distri-
bution and clearance of milrinone than that in adults; thus, 
the initial loading dose necessary to achieve therapeutic 
levels may be as large as 100 µg/kg.190 In neonates, the ini-
tial dose of milrinone on CPB is 25 to 100 µg/kg, followed 
by a continuous infusion to be started within 90 minutes 
of the initial dose at a rate of 0.2 µg/kg/min to maintain a 
therapeutic level. In older infants and children, the rate of 
continuous infusion is larger, usually 0.5 to 1 µg/kg/min.

Dobutamine is an effective, albeit weaker, inotropic 
agent in children. Although it is reported to have a lesser 
chronotropic effect than dopamine in neonates, signifi-
cant tachyarrhythmias may occur. This may be related 
to structural similarities between dobutamine and isopro-
terenol.188 In children after cardiac surgery, dobutamine 
increases cardiac output primarily through increased heart 
rate. This is consistent with reduction in $-receptors and a 
higher level of circulating catecholamines in newborns.!
Right Ventricular Dysfunction
Primary right ventricular dysfunction is a common finding 
after CPB in neonates, infants, and children. For example, 
after repair of TOF, preexisting right ventricular hypertro-
phy, a right ventriculotomy, and the placement of a trans-
annular patch across the right ventricular outflow tract, 
resulting in acute pulmonary regurgitation and right ven-
tricular volume overload, are common causes of postopera-
tive right ventricular dysfunction.17 The treatment of right 
ventricular dysfunction consists of measures directed at 
lowering PVR and preserving coronary perfusion without 
distending the RV. In cases of ventricular dysfunction, low-
dose epinephrine (0.01-0.03 µg/kg/min) may provide inot-
ropy without vasoconstriction.186 Mechanical ventilation 
should be adjusted to assist right ventricular function and 
minimize PVR.

In contrast to the LV, the low intracavitary pressure of 
the normal RV receives two thirds of its coronary filling 
during ventricular systole. In patients with right ventricu-
lar dysfunction, maintaining a normal or slightly elevated 
systolic arterial pressure maximizes coronary perfusion 
to the RV and augments contractility. A vasopressin infu-
sion can prove advantageous in such circumstances. If the 
need for inotropic support persists after the early post-CPB 

period, a critical evaluation for other structural and func-
tional abnormalities should be aggressively pursued. Pre-
load should be maintained at a normal to slightly elevated 
level. Because right ventricular contractility is reduced, it 
is important to maximize preload to the highest portion of 
the Starling curve. Overdistention of the RV, however, is 
not well tolerated, owing to diminished ventricular compli-
ance and diastolic dysfunction. Excessive volume loading 
may result in significant diastolic dysfunction, tricuspid 
regurgitation, and worsening forward flow. Generally, CVP 
much above 12 to 14 mm Hg is poorly tolerated in neonates 
and infants with right ventricular dysfunction.191 If right 
ventricular dysfunction is severe, the sternum should be 
left open.192 This eliminates the impedance imposed by the 
chest wall and mechanical ventilation, allowing the RV to 
maximize its end-diastolic volume. An additional strategy 
in neonates, infants, and children with significant post-CPB 
right ventricular dysfunction is to allow right-to-left shunt-
ing at the atrial level. Typical patients who would benefit 
from this strategy include neonates undergoing repairs for 
TOF and truncus arteriosus. Allowing an atrial communi-
cation to remain open, with blood shunting in a right-to-left 
direction, preserves cardiac output and O2 delivery to the 
systemic circulation. Although these patients have some-
what diminished systemic O2 saturation, their effective car-
diac output and tissue O2 delivery are enhanced, systemic 
perfusion pressure improves and coronary perfusion of the 
RV is maintained. As right ventricular function improves, 
right atrial pressure falls, right-to-left shunting decreases, 
and systemic arterial saturation rises.

If right ventricular dysfunction persists to the extent that 
systemic cardiac output is compromised, consideration 
should be given to extracorporeal life support (extracorpo-
real membrane oxygenation [ECMO]). When ECMO is used 
for circulatory support, venoarterial cannulation is pre-
ferred. Venous and arterial access may be achieved through 
a large central artery and vein, usually the carotid artery 
and internal jugular vein, or by direct chest cannulation. 
Recovery from severe ventricular dysfunction is predicated 
on the concept that the myocardium has sustained a tran-
sient injury (i.e., “stunned myocardium”) and is capable of 
recovery with time.193,194 ECMO is used to decrease ven-
tricular wall tension, increase coronary perfusion pressure, 
and maintain systemic perfusion with oxygenated blood. 
ECMO also may be used for left ventricular failure, although 
success with this condition is less common than that seen 
with right ventricular dysfunction or pulmonary artery 
hypertension. Patients placed on ECMO because they fail to 
separate from CPB demonstrate significantly greater mor-
tality than do those for whom ECMO was instituted later in 
the postoperative course.195 The children who consistently 
have the lowest survival rate are those who require ECMO 
after a Fontan operation.196 The role of ECMO in patients 
with myocardial injury or pulmonary hypertension is to 
provide adequate systemic O2 transport and systemic per-
fusion while allowing the ventricles to rest and recover. 
ECMO may even provide an effective means of resuscitation 
for postoperative cardiac patients, particularly if instituted 
promptly.197 In larger infants and children with predomi-
nantly right ventricular dysfunction and satisfactory pul-
monary function, a selective right ventricular assist device 
(VAD) may be preferable to ECMO.198!
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Pulmonary Artery Hypertension
Primary pulmonary hypertension is a devastating disease. 
The progressive and sustained elevation in PVR eventually 
leads to right-sided HF and death.199,200 Pulmonary arterial 
hypertension (PAH) is defined by the presence of mean pul-
monary arterial pressure greater than 25 mm Hg at rest or 
30 mm Hg during exercise.201 In two studies, the presence of 
PAH was shown to be a significant predictor of major periop-
erative cardiovascular complications, including pulmonary 
hypertensive crises, cardiac arrest, and death in patients 
undergoing cardiac catheterization or noncardiac surgery 
under anesthesia.202,203 Suprasystemic pulmonary artery 
pressure was predictive of major complications. Complica-
tions, however, were not associated with age, cause, type of 
anesthetic, or airway management. Preanesthesia evalua-
tion should gauge disease severity. A history significant for 
chest pain, syncope, and dizziness, with signs of dyspnea at 
rest, low cardiac output state, metabolic acidosis, hypox-
emia, and signs of right-sided HF warrants caution. Acute 
increases in PVR resulting in pulmonary hypertensive cri-
ses cause an increase in right ventricular afterload, right 
ventricular dysfunction, and hemodynamic decompensa-
tion. Suprasystemic pulmonary artery pressure results in 
inadequate PBF, inadequate left ventricular preload, low 
cardiac output, and biventricular failure. The associated 
hypotension results in coronary ischemia, which worsens 
this cycle. Perioperative factors thought to precipitate a pul-
monary hypertensive crisis include hypoxia, hypercarbia, 
acidosis, hypothermia, pain, and airway manipulations in 
patients with pulmonary hypertension. Such patients pres-
ent for hemodynamic catheterization, drug study, and non-
cardiac and cardiac surgical procedures. Although each 
anesthetic has to be tailored to the patient’s pathophysi-
ologic condition and surgical procedure, certain common 
principles remain. Pulmonary vasodilator therapy and ino-
tropes must be continued in the perioperative period. Inves-
tigations include a comprehensive echocardiogram with 
occasional chest computed tomography angiography to 
exclude pulmonary thromboembolic disease. After premed-
ication, the patient should be monitored with pulse oxim-
etry to ensure the patient does not hypoventilate or become 
hypoxic. An intravenous induction with carefully titrated 
doses of ketamine may be the safest; if no intravenous is 
present, an inhalational induction with sevoflurane can be 
performed safely with 100% O2, keeping the end-tidal sevo-
flurane concentration as low as possible and quickly obtain-
ing intravenous access. Procedures with potential for blood 
loss, hemodynamic instability, and changes in ventilatory 
status mandate invasive arterial monitoring. Care should 
be taken to avoid systemic hypotension while achieving 
general anesthesia. Ventilation and oxygenation are con-
trolled, and acidosis is treated aggressively. Hypotension in 
the presence of euvolemia may need to be treated with ino-
tropes and, if necessary, $1-agonists.204,205

Therapy for elevated pulmonary artery pressures is 
directed at lowering PVR and unloading the RV. Reduc-
tion of PVR is accomplished by altering ventilation pat-
tern, inspired O2 concentration, and blood pH. Specifically, 
manipulating the pulmonary vascular bed in newborns 
and infants is a matter of regulating partial pressure of 
CO2 in arterial blood (PaCO2), pH, PaO2, partial pressure of 
alveolar oxygen, and ventilatory mechanics.206,207 PaCO2 

is a potent mediator of PVR, especially in the newborn and 
young infant. Reducing PaCO2 to 20 mm Hg and increas-
ing pH to 7.6 produces a consistent and reproducible reduc-
tion in PVR in infants with pulmonary artery hypertension. 
Manipulating serum bicarbonate levels to achieve a pH of 
7.5 to 7.6 while maintaining a PaCO2 of 40 mm Hg has 
equal salutary effects on PVR.208 An increase in the FiO2 
and the PaO2 decreases PVR as well. In the circumstance 
of intracardiac shunts, changes in FiO2 have little effect on 
PaO2. Thus, by inference, a reduction in PVR induced by 
increasing the inspired O2 concentration is probably a direct 
pulmonary vasodilatory effect of PaO2 rather than FiO2.

Ventilatory mechanics also play a major role in reducing 
PVR. Neonates and infants have a closing volume above 
functional residual capacity. Thus, at the end of a normal 
breath, some airway closure occurs. This process results 
in areas of lung that are perfused and yet underventilated. 
As these lung segments become increasingly hypoxemic, 
secondary hypoxic vasoconstriction occurs. The net effect 
is an increase in PVR. Therefore, careful inflation of the 
lungs to maintain functional residual capacity will selec-
tively reduce PVR. In practice, this is accomplished with 
relatively large tidal volumes and low respiratory rates, 
which produce an exaggerated chest excursion. Respira-
tory rates of 15 to 25 breaths/min are used for neonates 
and infants.

Because PBF occurs predominantly during the expira-
tory phase of the respiratory cycle, the ventilatory pattern 
should be adjusted to allow an adequate distribution of gas 
throughout the lung during inspiration and a more pro-
longed expiratory phase to promote blood flow through the 
lungs. End-expiratory pressure must be applied cautiously 
during the post-CPB period. Low positive end-expiratory 
pressure (PEEP) (3-5 mm Hg) prevents narrowing of the 
capillary and precapillary blood vessels, thereby reduc-
ing PVR. Higher PEEP or excessive mean airway pressure 
results in alveolar overdistention and compression of the 
capillary network in the alveolar wall and interstitium. This 
condition elevates PVR and reduces PBF.153

The final and perhaps the least well-recognized use of 
the mechanical ventilator is to assist in unloading the RV. 
During positive pressure inspiration, intrathoracic pressure 
increases and creates an increased pressure gradient from 
the lung to the LA, promoting cardiac output. This ventila-
tory assist is commonly seen in patients with PAH or right 
ventricular dysfunction. An augmentation of the arterial 
pressure trace during inspiration is seen. The use of the 
ventilator to augment systemic blood flow is very similar to 
the thoracic pump concept used to explain blood flow dur-
ing CPR.209 The inspiratory assist must be balanced by the 
potential negative effects of increased mean airway pressure 
on PVR and right ventricular afterload. To maximize these 
cardiopulmonary interactions, high tidal volume with low 
respiratory rates should be employed.

Attempts to manipulate PVR through pharmacologic 
interventions are also possible. Drugs that have shown 
promise in decreasing PVR both clinically and experimen-
tally have been the phosphodiesterase inhibitors such as 
amrinone and milrinone. Both reduce PVR and SVR and 
increase RV contractility.210 Isoproterenol has mild pulmo-
nary artery–vasodilating properties in the normal pulmo-
nary circulation.211 It reduces PVR in adults after cardiac 
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transplantation, but very few data support PVR reduction in 
infants and young children after cardiac surgery. In imma-
ture animals, the myocardium is less responsive to isopro-
terenol and causes tachycardia and increased myocardial 
O2 consumption. These latter effects may reduce coronary 
perfusion and result in relative myocardial ischemia. Both 
prostaglandin E1 and prostacyclin have a pulmonary vaso-
dilating effect; however, both drugs produce systemic hypo-
tension, which severely limits their use.212,213

There are now ultra–short-acting intravenous vasodi-
lators and inhaled vasodilating agents such as NO. Ultra–
short-acting intravenous vasodilators are nonspecific 
potent vasodilators, with a half-life of seconds. Infusion of 
these drugs into the right side of the circulation produces 
a potent short-lived relaxation of the pulmonary artery 
smooth muscle.214 Once the drug reaches the systemic 
circulation it is no longer functional. Adenosine and ATP-
like compounds have these properties and may have clini-
cal applicability in pulmonary artery hypertension in the 
future.215

Beginning in the past decade, several potent therapies 
for pulmonary hypertension have evolved.206,207 A con-
tinuous intravenous infusion of prostacyclin improves 
pulmonary vascular hemodynamics, exercise tolerance, 
and survival in pulmonary hypertension.216 Sildenafil is 
a selective phosphodiesterase type 5 inhibitor. Phosphodi-
esterase type 5 breaks down cyclic guanosine monophos-
phate. Sildenafil produces acute and relatively selective 
pulmonary vasodilatation and acts synergistically with 
NO.217-219 Bosentan is a dual endothelin receptor blocker. 
Preliminary reports indicate that bosentan improves symp-
toms, exercise tolerance, and hemodynamics in patients 
with pulmonary hypertension. The drug is well tolerated 
and free of side effects apart from a dose-dependent increase 
in liver enzymes.220 Lung transplantation is the only avail-
able surgical therapy for primary pulmonary hypertension; 
however, the 5-year survival remains less than 50%, and 
bronchiolitis obliterans remains the single most common 
cause of death.221,222 Before listing for transplantation, all 
patients undergo a hemodynamic cardiac catheterization 
and drug study in which reversibility of pulmonary hyper-
tension with increased inspired O2 concentrations and NO 
is determined.223 Prostacyclin analogues including inhaled 
iloprost or intravenous epoprostenol, although used in adult 
centers, have not become routine in pediatric practice.

CPB with associated endothelial injury predisposes to 
the development of postoperative pulmonary hypertension 
in patients with CHD. Anatomic factors that impose either 
obstruction to PBF or residual left-to-right shunting need 
to be surgically addressed. Elevated LAP resulting from 
mitral valve disease or left ventricular dysfunction, pulmo-
nary venous obstruction, branch pulmonary artery steno-
sis, or surgically induced loss of the pulmonary vascular 
cross-sectional area all raise right ventricular pressure and 
impose a burden on the right side of the heart.

NO, an endothelium-derived vasodilator that is admin-
istered as an inhaled gas, represents the most promising 
development in the therapy for elevated PVR in patients 
with CHD. Although nonselective, it is rapidly inactivated 
by hemoglobin and, when inhaled, produces no systemic 
vasodilation.224 NO reduces pulmonary artery pressure 
in adult patients with mitral valve stenosis and in selected 

pediatric cardiac patients with PAH.225-227 The congenital 
cardiac patient population in whom NO appears to be effec-
tive is patients with acute PVR elevation after open-heart 
surgery, as well as preoperative pulmonary hypertension 
accompanying specific anatomic conditions (e.g., total 
anomalous pulmonary venous return, congenital mitral 
stenosis).225,227 Because it acts directly on vascular smooth 
muscle, NO remains effective despite the post-CPB endo-
thelial injury frequently encountered in children.228 Some 
centers routinely employ low-dose NO (1-5 ppm) after a 
Fontan operation when the CVP-LAP gradient exceeds 10 
mm Hg.229 At our institution, a dose of 20 ppm is the stan-
dard dose in both the ICU and the cardiac operating room. 
Finally, NO can provide diagnostic information that helps 
distinguish reactive pulmonary vasoconstriction from fixed 
anatomic obstructive disease either in the postoperative 
surgical patient or in the patient undergoing pre-transplant 
evaluation.230,231 In the latter, the distinction between pul-
monary vasoconstriction and advanced pulmonary vas-
cular occlusive disease will influence the prediction as to 
whether a child with pulmonary hypertension in associa-
tion with either CHD or cardiomyopathy will survive a heart 
transplant or requires replacement of both heart and lungs.

Management strategies for postoperative pulmonary 
hypertension and treatment of pulmonary hypertensive 
crises include sedation, moderate hyperventilation (main-
taining CO2 partial pressure [PCO2] between 30 and 35 
mm Hg), moderate alkalosis (pH > 7.5), increased inspired 
O2, optimization of PEEP (to maximize functional residual 
capacity), pulmonary vasodilators (e.g., NO), and the cre-
ation or maintenance of an intracardiac right-to-left shunt 
in an attempt to maintain cardiac output.232,233 NO is 
also useful in the manipulation of PVR after Fontan-type 
procedures.234 Care should be exercised in weaning NO 
in patients, because abrupt withdrawal can precipitate 
rebound pulmonary hypertension and pulmonary hyper-
tensive crises.234,235!

Anticoagulation, Hemostasis, and 
Blood Conservation

Pediatric anesthesiologists must manage coagulation, 
hemostasis, and blood conservation in the perioperative 
period of cardiac surgery. Coagulopathy after CPB remains 
a significant problem in pediatric cardiac surgery.223 Con-
tinuing blood loss after CPB requiring blood component 
replacement is associated with hemodynamic compromise 
as well as morbidity. In pediatric patients, restoration of 
hemostasis has proved difficult; diagnosis of the problem 
and treatment are marginally effective.

Neonates, infants, and children undergoing cardiac sur-
gery with CPB have a higher rate of postoperative bleeding 
than that seen in older patients.236 First, the ratio of patient 
body surface area to the nonendothelialized extracorpo-
real circuit volume is disproportionate; the relatively large 
inflammatory-type response provoked in response to CPB is 
inversely related to patient age—the younger the patient, 
the more pronounced is the response.9 Because comple-
ment and platelet activation are linked to the activation 
of other protein systems in the blood (i.e., fibrinolytic pro-
teins), it is probable that this hemostatic activation, which 
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results in impaired hemostasis and increased bleeding ten-
dency, plays a major role during pediatric cardiac surgery. 
Second, the type of operation performed in neonates and 
infants usually involves more extensive reconstruction and 
suture lines, creating more opportunities for surgical bleed-
ing than in adult cardiac patients. Operations are also fre-
quently performed using DHCA, which may further impair 
hemostasis.237 Third, the immature coagulation system 
in neonates is also likely to contribute to impaired hemo-
stasis.238 Although procoagulant and factor levels may be 
reduced in young patients with CHD resulting from imma-
ture or impaired hepatosynthesis,239 functional bleeding 
tendencies are usually not present before surgery. Further-
more, compounding the problem of immature coagulation 
proteins is the massive hemodilution that occurs when ini-
tiating CPB in infants and small children. Despite advances 
in circuit miniaturization, initiation of CPB induces a dilu-
tional thrombocytopenia and reduces levels of factors II, 
V, VII, VIII, IX, X, ATIII, and fibrinogen.240 Patients with 
cyanotic heart disease demonstrate an increased bleeding 
tendency before and after CPB because of a range of fac-
tors including thrombocytopenia, low numbers of von Wil-
lebrand factor multimers, clotting factor deficiencies, and 
poor fibrinogen function.241

CPB is a significant stimulant of the coagulant and inflam-
matory systems, requiring anticoagulation with heparin 
before its initiation. Heparin is traditionally administered 
based on patient weight, at an empiric dose of 400 units/kg. 
Adequacy of heparinization is monitored by the activated 
clotting time (ACT), a measure of inhibition of the contact 
activation pathway, with a goal ACT of greater than 480 
seconds prior to initiation of CPB. An accurate ACT requires 
normothermia, normal platelet count and function, and 
normal levels of other coagulation proteins including anti-
thrombin III. As these derangements are common in chil-
dren having cardiac surgery, the ACT may not be the ideal 
monitor of anticoagulation in this population. In neonates, 
infants, and young children, the ACT does not correlate 
with plasma heparin concentration,242 and children exhibit 
evidence of ongoing thrombin generation and coagulation 
activity despite very high ACT values.243

An alternative to weight-based heparin dosing is use of 
a blood heparin concentration-based system, which utilizes 
protamine titration to indicate whole blood heparin con-
centration at the bedside. Such a setup allows for individual 
variability in heparin efficacy and metabolism. Although 
blood heparin concentration devices have shown disap-
pointing results in adults, results in children suggest greater 
suppression of thrombin generation and hemostatic activ-
ity,244 reduced number of blood transfusions, and improve-
ment in clinical outcomes of ventilator hours and ICU 
stay.245 Blood heparin concentration systems also account 
for bypass circuit characteristics when deciding heparin 
dose in the bypass prime. In the absence of such a system, 
empiric dosing is recommended at 1 to 3 units/mL of prim-
ing solution.

An important caveat to anticoagulation management in 
infants is the role of antithrombin III, the body’s most abun-
dant natural anticoagulant and target for heparin efficacy. 
Neonates have low levels of antithrombin III activity,246,247 
and those with CHD have a functional antithrombin III level 
of approximately 50%.248 Heparin exerts its anticoagulant 

effect by accelerating the reaction between thrombin and 
antithrombin. Low antithrombin activity is one reason for 
low heparin sensitivity in the pediatric cardiac population; 
however, large clinical trials examining antithrombin III 
replacement have not been conducted. In addition, other 
heparin cofactors, including $2-macroglobulin, may play 
an important, though poorly understood, role in anticoagu-
lation in young children.249

Heparin is neutralized with protamine according to the 
quantity of heparin administered or based on body weight, 
usually 2 to 4 mg/kg, accounting for heparin administered 
to the patient only (excluding heparin added to the pump 
prime). Blood heparin concentration devices may be used 
to dose protamine according to the amount of circulating 
heparin in the patient, accounting for metabolism or recent 
dosing. Delayed hepatic clearance of heparin resulting from 
organ immaturity and the predominant use of hypothermic 
circulatory arrest in the young decrease metabolism and 
excretion of heparin. Younger children require relatively 
more protamine compared to older children and adults, as 
reflected by higher circulating heparin levels after CPB.250 
Prolonged ACT after adequate protamine dosing may indi-
cate platelet dysfunction, hypofibrinogenemia, or other 
coagulation abnormalities. This should be assessed before 
administering additional protamine, which in excess may 
contribute to postoperative bleeding.251

Bleeding after CPB is not an unusual occurrence. The sur-
geon should first attempt to identify any obvious source of 
surgical bleeding at the sites of repair. In general, standard 
coagulation tests show a prolongation of the partial throm-
boplastin time, prothrombin time, hypofibrinogenemia, 
dilution of other procoagulants, and prolonged bleeding 
time in many pediatric patients, with and without bleed-
ing (Fig. 78.13). The most common reason for persistent 
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Fig. 78.13 Plot of blood coagulation profile changes before, dur-
ing, and after cardiopulmonary bypass (CPB) in 25 children. Clot-
ting times and coagulant factors are shown as percent change from 
control. Stage I, baseline, before CPB; stage II, post-CPB, before prot-
amine reversal of heparin; stage III, after protamine; stage IV, just before 
leaving the operating room; stage V, after 3 hours in the intensive care 
unit (ICU). PT, Prothrombin time; PTT, partial thromboplastin time.
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bleeding is platelet dysfunction,252-254 and empiric plate-
let administration can be warranted. Routine administra-
tion of blood products to correct laboratory coagulation 
abnormalities in the absence of bleeding is never clinically 
indicated. Under most circumstances, meticulous surgical 
technique, appropriate administration of protamine, ade-
quate patient temperature, and platelet infusion will correct 
excessive bleeding.

Risk factors for bleeding after bypass include lower body 
weight,255,256 lower temperatures on bypass,257 rester-
notomy,257 preoperative congestive HF,257 and presence 
of cyanotic CHD.256 In these populations, a more aggres-
sive approach is warranted. Although use of transfusion 
algorithms demonstrate reduced transfusion and even 
decreased mortality in adults having cardiac surgery,258,259 
no large or multicenter trials have been conducted exam-
ining transfusion algorithms in children. Complicating the 
development of algorithms in children is the heterogeneity 
in congenital defects, the surgical operation performed, and 
the complexity across congenital heart centers.260

However, several single-center studies show that use of 
viscoelastic testing (particularly rotational thromboelas-
tography) to guide transfusion after bypass surgery may 
reduce transfusion requirement256,261,262 and ICU days.262 
These studies provide reasonable thresholds for initiating 
transfusion after bypass as guided by rotational thrombo-
elastometry (ROTEM) parameters, but no large prospec-
tive studies have been conducted to validate the targets. 
Importantly, use of either thromboelastography or ROTEM 
in children having cardiac surgery must be interpreted 
against age-appropriate reference values.263,264

Pharmacologic interventions are increasingly used to 
reduce bleeding after CPB. Antifibrinolytics exert their 
effects by reversibly binding to lysine analogue sites on plas-
minogen, a molecule primarily responsible for the break-
down of fibrin. By inhibiting plasminogen, and therefore 
plasmin, the procoagulant effects of fibrin remain. Lysine 
analogues epsilon amino-caproic acid and tranexamic 
acid are efficacious in reducing bleeding and transfusion 
requirement in pediatric cardiac surgery.265 A large-scale 
observational study of 22,258 patients found that the ser-
ine protease inhibitor aprotinin had effects similar to those 
of both aminocaproic acid and tranexamic acid in terms of 
reducing bleeding requiring surgical intervention and mor-
tality.266 Unfortunately, aprotinin was removed from the 
United States market because of concerns of life-threatening 
anaphylactic reactions.237,267-271 Dosing schemes for anti-
fibrinolytic therapy are variable, though neonates require 
reduced loading and infusion doses compared to older chil-
dren and adults because of decreased clearance.272 After 
bypass surgery, desmopressin acetate has been adminis-
tered to improve platelet function with variable success in 
reducing postoperative blood loss.273,274

Factor concentrates are increasingly used off-label in 
pediatric cardiac populations to provide needed coagula-
tion factors in small children who may not tolerate the 
volume of fresh frozen plasma or cryoprecipitate required 
to satisfactorily raise factor levels.275 Observational evi-
dence suggests that recombinant activated factor VII is 
efficacious as a rescue agent for protracted after-bypass 
bleeding, after the transfusion of platelets, fibrinogen, and 
coagulation factors to provide adequate scaffolding for its 

action.275 Fibrinogen concentrate has also been used to 
replace fibrinogen in pediatric cardiac patients and may be 
used in place of cryoprecipitate.276 Prothrombin complex 
concentrates (PCCs) are purified plasma-derived products 
containing vitamin-K–dependent clotting factors (II, VII, 
IX, X) in either 3- (3F) or 4- (4F) factor preparations. PCCs 
are included in many transfusion algorithms in adult car-
diac surgical populations but the safety and efficacy in pedi-
atrics remains understudied.277 Both 3- and 4-factor PCC 
improve thrombin generation in ex#vivo studies of neonatal 
plasma,278,279 but most evidence for clinical use is limited 
to case reports or small case series. At our institution, we 
administer 3-factor PCC as part of a transfusion algorithm 
in severe hemorrhage, after replacement of platelets, fibrin-
ogen, and other coagulation factors.

Blood transfusion during the perioperative period 
must be thoughtful and intentional. Injudicious use of 
blood products to correct individual coagulation abnor-
malities separately further exacerbates dilution of exist-
ing procoagulants, and carries the risk of multiple donor 
exposures. Transfusion should be undertaken as specifi-
cally indicated by an impairment in tissue oxygenation 
or documented coagulopathies with clinically significant 
bleeding. Interestingly, while transfusion algorithms 
may reduce transfusion, in pediatric populations they 
may be more likely to alter the pattern of transfusion,262 
for example decreasing RBC transfusion while increas-
ing platelet and cryoprecipitate use. Algorithms may 
improve hemodynamic stability262; research is needed to 
confirm improved outcomes.

Determining the optimal hematocrit is necessary to guide 
transfusion and is best decided in conjunction with the 
surgeon based on an individual patient’s lesion, complexi-
ties, and planned procedure. RBCs should be administered 
to maintain a postdilutional hematocrit of at least 20% 
on CPB280; children with cyanotic CHD require a higher 
hematocrit. A recent study demonstrated an association 
between the indication for blood transfusion and postop-
erative morbidity in a cohort of children having cardiac 
surgery. Study results indicated that patients who required 
transfusion to maintain a target postdilutional hematocrit 
on pump had no increase in morbidity, while those requir-
ing a therapeutic transfusion experienced severe morbidity 
and mortality.281

An increasingly recognized problem in pediatric cardiac 
surgical populations is thrombosis. Approximately 11% of 
children having cardiac surgical procedures experience a 
thrombotic complication282; risk factors include younger 
age,282,283 cyanotic disease,282,283 use of DHCA,282 longer 
duration of in situ central lines,282 and administration of 
blood products in the absence of intraoperative coagula-
tion testing.284 Alterations in levels of pro- and anti-coag-
ulants in the immature pediatric patient combined with the 
inflammatory effects of bypass create a hypercoagulable 
state in many patients postoperatively.285 Decreased anti-
thrombin III levels after cardiac surgery are associated with 
thrombotic events in adults286 but this has not been evalu-
ated in children. Further, the ability of the infant’s imma-
ture antifibrinolytic system to lyse clots composed of adult 
fibrinogen may be impaired.287

The techniques of thoughtful transfusion and blood con-
servation must be continued as the patient is transferred 
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to the ICU. Isolated coagulation abnormalities are often 
present in the postoperative patient with uncomplicated 
cardiac issues (see Fig. 78.13), but are not associated with 
excessive bleeding and self-correct during the first postop-
erative day. Routine correction of these abnormalities with 
infusion of blood products is not warranted. Administra-
tion of blood products should not occur in the absence of 
clinical evidence of bleeding and the identification of a spe-
cific defect requiring targeted component therapy. Routine 
use of blood products for volume replacement is also to be 
avoided; lactated Ringer or saline solution can be satisfac-
torily administered at a reduced cost without the hazards 
associated with transfusion.!

Postoperative Management

Immediate postoperative care of the pediatric patient who 
has undergone cardiothoracic surgery is an important 
period in the overall sequence of anesthetic and surgical 
management. Although the primary influence on outcome 
is determined by the conduct of the operation, postoperative 
care is an important factor. As a member of the operative 
team, it is necessary that the anesthesiologist understand 
and become involved during the immediate postoperative 
period. Detailed principles of postoperative management of 
pediatric cardiac surgical patients are beyond the scope of 
this chapter. However, a few general guiding principles and 
approaches are given to provide fundamental knowledge 
for the anesthesiologist.

The postoperative period can be characterized by a 
series of physiologic and pharmacologic changes as the 
body convalesces from the abnormal biologic conditions 
of CPB and cardiac surgery. During this period, the effects 
of the cardiac operation, any underlying disorders, the 
effects of hypothermic CPB, and special techniques such 
as DHCA may create special problems. In the immediate 
postoperative setting, abnormal convalescence and spe-
cialized problems must be recognized and managed appro-
priately. Fortunately, most patients are able to balance 
the cost imposed by the physiologic trespass created by the 
surgical repair and the effects of CPB against the benefit of 
reduced pathophysiologic loading conditions, resulting in 
low morbidity and mortality.

Therefore, the guiding principle in the management 
of the postoperative patient is an understanding of both 
normal and abnormal convalescence after anesthesia 
and cardiac surgery. The immediate postoperative period, 
even that of normal convalescence, is one of continuous 
physiologic change because of the pharmacologic effects 
of residual anesthetic agents and the ongoing physiologic 
changes secondary to abrupt alteration in hemodynamic 
loading conditions, surgical trauma, and extracorporeal 
circulation. Anesthesia and surgery affect not only the 
patient’s conscious state but also cardiovascular, respi-
ratory, renal, and hepatic function; fluid and electrolyte 
balance; and immunologic defense mechanisms. Despite 
these changes, postoperative care should be predictable 
and standardized for most patients undergoing cardiac 
procedures.

In general, the four temporal phases of postoperative 
management in the cardiac patient are (1) transport to the 

ICU, (2) stabilization in the ICU, (3) weaning from inotro-
pic and ventilatory support, and (4) mobilization of fluids. 
Patients proceed through these phases at variable rates 
based on such factors as the underlying disease process, 
preoperative medical condition, sequelae of the surgical 
procedure, duration of CPB, and presence or absence of 
intraoperative complications. One of the most important 
functions of the ICU team is to identify postoperative com-
plications in the patient who convalesces abnormally and 
to provide interventional therapy. Because physiologic 
change after cardiac surgery is dramatic but self-limiting 
during normal convalescence, recognition of abnormal pro-
cesses can be difficult. Under such circumstances a uniform, 
multidisciplinary approach with experienced clinicians and 
nurses facilitates the identification of any abnormalities in 
convalescence. These abnormalities often are indications 
for closer observation, more invasive monitoring, pharma-
cologic intervention, and increased cardiopulmonary tech-
nical support. Complications include hypovolemia, residual 
structural heart defect, right and left ventricular failure, 
hyperdynamic circulation, pulmonary artery hyperten-
sion, cardiac tamponade, arrhythmias, cardiac arrest, 
pulmonary insufficiency, oliguria, seizures, hypercoagu-
lable state, thrombosis, and brain dysfunction. It is critical 
to detect these departures from the normal convalescent 
course and to treat them aggressively.

One important area in which the anesthesiologist can aid 
the recovery of the cardiac patient is pain control. Pain and 
sedation are among the most common problems requiring 
ICU intervention. Many factors influence the onset, inci-
dence, and severity of postoperative pain. The attenuation 
of the stress response in the immediate postoperative period 
using infusions of potent opioids in the critically ill infant 
reduces morbidity.95 Attenuation of postoperative pain can 
be attempted with a preoperative medication and an intra-
operative anesthetic management technique that includes 
the use of potent opioids. Patients who receive no opioids 
preoperatively or during the operative procedure will 
require analgesics in the immediate postoperative period 
once the inhalation anesthetic is eliminated. Most cases of 
postoperative pain can be managed by the administration 
of small intravenous doses of opioids, usually morphine 
or hydromorphone. This is important in a patient being 
weaned from the ventilator during the early postoperative 
period. Patients who are intubated and ventilated over-
night should receive adequate sedation and pain control 
until ventilatory weaning is begun. This is usually accom-
plished by a continuous infusion of a benzodiazepine and 
an opioid. Continuous infusion of sedatives and analgesics 
results in a more consistent and reliable control of postop-
erative pain. When separated from mechanical ventila-
tion, the patient is concurrently weaned from the sedatives 
and analgesics. In patients with reactive pulmonary artery 
hypertension, opioids have been shown to prevent hyper-
tensive crisis.92

Regional anesthesia may be used for postoperative pain 
control in infants and children after thoracotomy. This 
method avoids opioid-induced respiratory depression from 
intravenous doses of these drugs. The administration of 
opioids in the epidural space is a very effective approach to 
pain management. This technique is used in children for 
postoperative pain control via the caudal route as a “single 
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shot” or by a small caudal catheter. Morphine or hydro-
morphone provides effective analgesia with a duration of 
6 to 12 hours, with no significant respiratory depression. 
Caudal morphine 0.05 to 0.075 mg/kg delivered in a total 
volume of 1.25 mL/kg of sterile saline has been used with 
good success in our practice. The use of regional anesthe-
sia for postoperative pain appears to be best suited for the 
child extubated in the early postoperative period. Relative 
contraindications of this technique include hemodynamic 
instability and patients with abnormal clotting profiles and/
or continued active bleeding. Using regional analgesia can 
result in better arterial oxygenation, a more rapid ventila-
tor weaning, and decreased postoperative respiratory com-
plications. However, urinary retention occurs frequently in 
patients without a bladder catheter.

Children requiring large thoracotomies or a bilateral 
thoracosternotomy (i.e., “clamshell”) incision merit con-
sideration for thoracic epidural analgesia. This technique 
significantly reduces the respiratory depression and pul-
monary mechanics abnormalities that accompany the 
quantity of systemic opioids that would be necessary to 
provide adequate analgesia for these excruciatingly pain-
ful incisions. If the procedure requires systemic heparin-
ization, we will typically defer placement of these catheters 
until the heparin effect is neutralized. For the patient 
undergoing coarctation repair via a left thoracotomy 
there is some concern for paraplegia following the opera-
tion. However, as the incidence of paraplegia in children 
is exceedingly low, we usually choose to place the caudal 
or epidural catheter before surgical incision to maximize 
the benefit intraoperatively; however some centers choose 
to place it at the end of surgery after it is clear there is no 
neurologic impairment. For patients undergoing heart, 
lung, or dual transplantations, a thoracic epidural cath-
eter is placed at a time in the postoperative period when 
the patient can be weaned from intravenous medications 
that would adversely affect the patient’s ability to breathe 
in close proximity to the planned extubation. It is helpful 
for these patients to have a functioning thoracic epidural 
catheter for several days.

POSTOPERATIVE NEUROPSYCHOLOGIC 
MORBIDITY

Neurologic morbidity has been identified to be increasingly 
problematic in neonates and infants with CHD as surgical 
mortality rates have improved. Although early postopera-
tive CNS sequelae such as stroke and seizures occur in a 
small percentage of neonates with CHD, the importance of 
more subtle neurologic abnormalities at long-term follow-
up is being increasingly recognized.222,231,288

These findings may include fine and gross motor impair-
ments, speech and language delays, disturbances in 
visual-motor and visual-spatial abilities, attention-deficit 
disorders, learning disorders, and impaired executive func-
tioning. The presence of congenital brain disease in patients 
with CHD represents a challenge in improving long-term 
neurologic outcomes. Many neonates with CHD have 
congenital structural brain abnormalities, chromosomal 
abnormalities, or both, as well as physiologic abnormali-
ties that may impair brain development. Brain abnormali-
ties on head ultrasonography have been noted in one fifth 

of full-term infants undergoing heart surgery, with half of 
them being present preoperatively.288

Postoperatively, secondary neurologic injury may be 
related to post-CPB alterations in cerebral autoregulation 
and additional hypoxic-ischemic insult, seizures, or other 
issues associated with prolonged ICU stay. In addition to 
prenatal and modifiable perioperative factors, genetic and 
environmental factors are known to be important. Unfor-
tunately, modifiable perioperative factors may explain less 
of the variability in long-term outcomes than do patient-
specific factors.

New, postoperative neurologic injury may be detected 
clinically in over 10% of infants,288a increasing to over 
50% using more sensitive brain imaging techniques such 
as MRI.289,290 Given that new neurologic injury can 
occur at various time points during the neonate’s hospi-
talization, perioperative attention to reducing known risk 
factors is critical. Mechanisms of CNS injury in infants 
undergoing cardiac surgery include hypoxia-ischemia, 
emboli, reactive O2 species, and inflammatory microvas-
culopathy. Preoperatively, the primary focus is on pre-
venting hypoxic-ischemic injury and thromboembolic 
insults. Modifiable intraoperative factors associated with 
CNS injury include, but are not limited to, pH manage-
ment, hematocrit during CPB, regional cerebral perfusion, 
and the use of DHCA. The adverse effects of CPB may be 
greater in infants than larger children or adults given the 
immaturity of their organ function and tissues, and the size 
of the CPB circuit relative to their body size.291 However, 
a significant amount of research has been conducted in 
the area of intraoperative prevention of neurologic injury. 
With ongoing changes in technology and new therapies, 
the conduct of CPB and other support techniques have 
been actively under investigation.

The developmental consequences of exposure to gen-
eral anesthetics are not well understood and are difficult to 
elaborate on in the absence of prospective randomized con-
trolled trials, because of multiple factors that affect neuro-
logic outcome in this population. Current literature suggests 
that multiple exposures, cumulative doses of exposure, and 
exposure in infancy might increase the risk for neurodevel-
opmental delay.292-298 Thus, pediatric cardiac anesthesia is 
associated with all three risk factors, so attempting to mini-
mize time of exposure, bundling of necessary procedures 
only if it will shorten the overall exposure to anesthesia, and 
delaying nonessential procedures to an age associated with 
less neurologic risk might be appropriate. Careful choice of 
anesthetic agents that do not act on different neurorecep-
tors at key time points in development might be critical.

Our current practice has evolved to minimize neuro-
toxicity with time under anesthesia minimized by getting 
help early if there is difficulty with intravenous access and 
having the surgeon in the room and ready to start imme-
diately postinduction. NIRS monitors are used in all cases 
to optimize cardiac output and help define the need for 
blood transfusions. Multiple anesthetics are combined and 
administered in lower individual doses with the thinking 
that this is less toxic than a single anesthetic at a higher 
concentration. In all cases, a dexmedetomidine infusion is 
administered to decrease the dose of the other hypnotics 
and, when possible, regional techniques are used to reduce 
the total anesthesia dose.!
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MECHANICAL ASSIST DEVICES

Survival in children with congenital cardiac as well as 
pulmonary defects has improved over recent decades as 
a result of improved preoperative management, surgi-
cal techniques, anesthesia management, drug therapies, 
and postoperative management. Despite these advances, 
patients may still require therapies for both acute and 
chronic HF that are refractory to medical therapy. Mechan-
ical support in the form of ECMO or VADs may then need 
to be instituted. Examples of conditions that may require 
support include failure to wean from CPB, acute cardiac 
arrest, malignant arrhythmia, and worsening myocardial 
function secondary to the underlying congenital defect or 
related to acquired cardiomyopathy. Fortunately, how-
ever, the incidence is small, with less than 2% of post-CPB 
patients requiring this intervention.299 Mechanical support 
can thus be used as a treatment option to allow for recov-
ery of ventricular function, as a bridge to transplant, or to 
support the heart in those with marginal functional reserve 
requiring invasive diagnostics or treatments (e.g., Williams 
syndrome with severe supravalvular pulmonary or aortic 
stenosis). As with any therapy, contraindications must be 
excluded before embarking on the use of a mechanical assist 
device. These may include extreme prematurity, severe and 
irreversible multiorgan failure, incurable malignancy, and 
preexisting neurologic devastation.299 Anesthetic manage-
ment in the use of ECMO is supportive, with management 
limited to assistance in the resuscitative efforts and hemor-
rhage associated with the cardiac surgery that was ongoing 
at the time of conversion to ECMO. Once the patient is on 
full ECMO support, ventilation is continued but at a slower 
rate of ventilation on the order of 10 breaths/min, with a 
peak pressure of 20 cm H2O, PEEP set at 5 to 10 cm H2O, 
and FiO2 decreased to about 40%. These settings aid in the 
prevention of atelectasis with management of CO2 and O2 
related to flow across the circuit membrane.

This is very different from the patient into whom a VAD 
is placed. Here the anesthesiologist continues to manage 
the patient as for routine CPB weaning. If a systemic VAD 
is placed, careful attention must be given to the ventricle 
pumping blood into the pulmonary bed because failure 
of this ventricle will have disastrous consequences. Thus, 
management tailored to unload this pulmonary ventricle is 
vitally important and will include inodilators in the form of 
phosphodiesterase inhibitors, inotropic support, and possi-
bly even inhaled NO to decrease PVR and promote forward 
flow. In association with the perfusionist, intravascular 
volume loading is assessed and maintained for effective 
functioning of the VAD and thus adequate offloading of 
the assisted ventricle. Careful attention to pulmonary func-
tion is also vital. Adequate pulmonary toilet, recruitment 
maneuvers, and appropriate ventilatory parameters must 
be used. Bleeding is a potential complication in the implan-
tation of the VAD and thus a clear strategy must be planned 
for in the form of antifibrinolytics, adequate volumes of 
blood and blood products, and even possibly the use of acti-
vated clotting factors (e.g., factor VII, PCCs).300

As can be seen in Table 78.10 differences can be appreci-
ated between assist devices. The potential for bleeding exists 
at the time of insertion of both of these modalities; however, 
it would seem from clinical experience that because of the 

extensive dissection and need for sizeable ventriculotomy, 
implantation of a VAD (and especially bi-VAD) is more 
problematic. The requirements of anticoagulation to keep 
the ACT in the range of 180 to 200 for ECMO also may lead 
to ongoing and significant bleeding, especially if placed into 
a patient who requires support in the immediate periopera-
tive phase. The use of an ECMO circuit with a membrane 
oxygenator requires ongoing intravenous anticoagulation 
with maintenance of the ACT in the aforementioned range. 
Apart from the immediate postoperative phase, patients 
with VAD systems can be transitioned to oral agents. A two-
part therapy is recommended. Antiplatelet therapy includes 
aspirin or clopidogrel. The second part of the therapy will 
entail the use of anticoagulation with either warfarin (Cou-
madin) or subcutaneous low-molecular-weight heparin.299

Three potential disadvantages exist in the use of the VAD 
system. The lack of pulmonary support when using the VAD 
limits its use to patients whose lung function is adequate. 
Second, Table 78.10 illustrates that biventricular support 
requires two separate VAD devices, necessitating the place-
ment of four cannulas, which may be technically difficult 
in a very young child. The third disadvantage is that VAD 
placement cannot be performed in a code situation or at the 
bedside as with ECMO.

Important advantages of the VAD system are the ability 
of patients to ambulate while on support and that VAD sup-
port can be maintained for months in contrast to the weeks 
only of ECMO support. Another important advantage over 
ECMO is that these patients will not require further venting 
of the LA. In patients on ECMO this is achieved by the place-
ment of a left atrial vent at the time of sternotomy or a bal-
loon atrial septostomy, which may require transfer to the 
catheterization laboratory with the possible complications 
associated with transport of a patient on an ECMO circuit.

Despite successful resuscitation and placement onto 
mechanical assist devices, morbidity and mortality remain 
high, with ECMO appearing to have worse outcomes. The 
mortality rate for ECMO in the 1990s was on the order of 
47%, with survival in series published in the early 2000s 
not showing much improvement.301-304 In contrast, the 
survival for those into whom a VAD is placed appears to 

TABLE 78.10 Comparison of Extracorporeal Membrane 
Oxygenation Versus Ventricular Assist Device

Comparison Factors ECMO VAD

Bleeding at insertion ++ ++

Sternotomy Not required Required

Left atrial venting ± !

Blood product use +++ +

Number of cannulae for biventricular 
support

2 4

Pulmonary support + !

Intravenous anticoagulation + ±

Duration of support Weeks Months

Emergent support Yes No

Patient mobility ! +

ECMO, Extracorporeal membrane oxygenation; VAD, ventricular assist device.
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be superior within the quoted series, with up to 80% of 
patients surviving to transplantation or being successfully 
weaned from support.303,305 In the study by Blume and 
co-workers,302 however, it was noted that associated CHD, 
and patients who are younger and smaller, have a higher 
mortality than those with fulminant myocarditis and car-
diomyopathy.302 Alongside survival data, the next most 
important marker is neurologic outcome, and it appears 
that this is also better in the VAD group.306,307 Risk factors 
for poor neurologic outcome were once again of low weight 
and duration of DHCA, both of which place patients on 
ECMO at a survival disadvantage because patients on ECMO 
will be smaller and some of those who undergo DHCA for 
repair of congenital anomalies will require emergent ECMO 
support to wean from CPB or in the immediate postopera-
tive phase.308

Survival predictors are important in our management of 
these patients. One common variable that can predict sur-
vival is the return of ventricular function between 3 and 
5 days after the initiation of support.304,308 Both of these 
modalities have been used successfully as a bridge to trans-
plantation, with patients with a VAD having a greater than 
80% survival to transplantation and patients on ECMO 
showing a less than 60% survival. Yet ECMO is used often 
in the infant population and in those with complex CHD, 
both of which are factors known to increase mortality 
among VAD patients.308 The important causes of morbidity 
and mortality in patients on both of these modalities include 
cerebrovascular events secondary to either hemorrhagic 
or embolic phenomena, circuit-related issues (e.g., circuit 
thrombosis), renal failure requiring hemofiltration, sepsis, 
ongoing hemorrhage, and multiple-organ failure.

Although these modalities are often compared to each 
other, they both have unique places in the care of children 
with cardiac disability. ECMO has a great advantage in that 
it can be employed rapidly in a code situation for a patient of 
any age or size. In the past, size has been the limiting factor 
for implantation of VAD systems into pediatric patients. The 
Berlin Heart VAD (Berlin Heart AG, Berlin, Germany) is a 
pulsatile-flow device and available for use even in neonates. 
The system has been employed in Europe for over 20 years 
and has pump sizes from 10 to 80 mL.

Although this is currently the only FDA-approved VAD 
for children, a high incidence of adverse events such as 
embolic stroke, bleeding, and infections are noted.309 
This has led to the increased use of adult continuous-flow 
devices including the HeartMate II (Thoratec Corp., Pleas-
anton, CA) and HeartWare HVAD (HeartWare Inc., Fram-
ingham, MA) in children who may need it for longer periods 
of time, or who will potentially discharge home on the 
device. The Infant Jarvik VAD, a pediatric-specific continu-
ous-flow device is currently undergoing pre-clinical testing. 
There are a number of other short-term VAD options that 
can provide additional organ support including oxygen-
ation, hemodialysis, and plasma exchange if needed. The 
CentriMag/PediMag (Thoratec Corp., Pleasanton, CA) and 
the Jostra Rotaflow (MAQUET Cardiovascula, Wayne, NJ) 
are both rotary or centrifugal pumps used for short-term 
VAD support in multiorgan failure patients. Finally, there 
are percutaneous VADs now small enough to place in chil-
dren. The Impella 2.5 (Abiomed Inc., Danvers, MA) is an 
axial VAD catheter that has been used in children as small 

as 22 kg. One can appreciate how these modalities comple-
ment each other, with ECMO being used acutely, and then 
once the patient is physiologically stable, but still requiring 
support, a VAD can be implanted for intermediate or long-
term support. Recent data from the Organ Procurement 
and Transplant Network supports a survival to transplant 
advantage for patients with VAD (in particular, CentriMag) 
compared to ECMO.310

A newer mechanical assist device for use in children is 
the temporary Total Artificial Heart (TAH) system. The 
TAH system is indicated for use as a bridge to transplant 
for patients at imminent risk for death from biventricular 
failure. The implantation and use of this device is unique 
in that it requires the complete removal of the native myo-
cardium, such that recovery without transplantation is 
not possible. Once the myocardium is removed, inflow and 
outflow pumping chambers are sown into the right and left 
heart vessels. Sizing requirements include patient body sur-
face area of 1.7 m2 or greater, echocardiographic left ven-
tricular end-diastolic diameter of 70 mm or greater, a CT 
scan with an anterior-to-posterior dimension at the 10th 
thoracic vertebrae of 10 cm or greater, and a chest radio-
graph with a cardiothoracic ratio of 0.5 or greater. Smaller 
TAH devices may be available soon, which would allow 
implantation in smaller patients. This device has been used 
successfully as a bridge to transplant in a patient with fail-
ing Fontan physiology who later went on to receive a heart 
transplant.!

Anesthesia for Heart and Lung 
Transplantation

Although perioperative management for thoracic organ 
transplantation is considered elsewhere in this text, the 
application of these procedures to children requires some 
specific modification. Differences include the characteristics 
of the candidates, preparation of these children, anesthetic 
management, surgical considerations, post-CPB man-
agement, and outcome. Even though some of the earliest 
heart transplant procedures were performed for congenital 
heart malformations, this indication became rare by the 
early 1980s. In 1984, over 60% of the few pediatric heart 
transplant procedures were performed in patients with car-
diomyopathy, usually adolescents. In the next decade, a 
dramatic rise in the number of infants and young children 
with congenital heart malformations treated with heart 
transplantation resulted in a marked shift in the demo-
graphics (Fig. 78.14).311 By 1995, over 70% of the children 
receiving heart transplants were younger than 5 years 
of age, with half of those younger than 1 year. The over-
whelming majority of these infants received transplants for 
congenital heart malformations for which reconstructive 
options either had failed or were not believed to exist (Fig. 
78.15).311 The implications of this shift reach into every 
element of perioperative management.

Children considered for heart transplantation are more 
likely to have pulmonary hypertension than adults. Most 
adult transplant programs will not offer heart transplant 
therapy to patients with PVR over 6 Wood units/m2.312The 
exclusion threshold in infants and children remains contro-
versial. Some programs accept patients with PVR as high 
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as 12 Wood units/m2, particularly if the pulmonary vas-
culature responds to vasodilators such as O2, NO, calcium 
channel blockers, or prostacyclin.313 Neonates are gener-
ally assumed to have elevated PVR, but outcome data from 
some programs suggest that the importance of this factor 
for postoperative outcome is substantially less in the first 
year of life, perhaps because the infant donor hearts, hav-
ing recently undergone transitional circulation, are better 
prepared to cope with the right ventricular pressure load 
that elevated PVR imposes.314

The anesthetic plan for pediatric heart transplanta-
tion must accommodate a wide spectrum of pathophysi-
ology. Recipients with congenital heart malformations 
benefit from the analysis of loading conditions and optimiz-
ing hemodynamics discussed previously. Although a few 

of these patients undergo heart transplantation because 
the natural history of reconstructive heart surgery poses 
greater risk despite reasonable ventricular function, most 
candidates exhibit some manifestations of impaired ven-
tricular performance. Accordingly, they require careful 
titration of anesthetic agents with minimal myocardial 
depressant characteristics to avoid cardiovascular collapse. 
In this fragile population, even modest doses of opioids can 
be associated with marked deterioration in systemic hemo-
dynamics, presumably by reducing endogenous catechol-
amine release. As with most congenital heart patients, 
skilled management of the airway and ventilation rep-
resents crucial elements in a satisfactory induction, par-
ticularly in the presence of elevated PVR. No matter how 
elegant the anesthetic plan in conception and implementa-
tion, a certain proportion of these children will decompen-
sate on induction, necessitating resuscitative therapy. A 
particularly critical time is that of central line placement, 
when transplant patients may not tolerate the Trendelen-
burg position; a level table and the use of ultrasound is suf-
ficient to place a central line.

Although orthotopic heart transplantation poses techni-
cal challenges in neonates and young infants, the replace-
ment of an anatomically normal heart is less complex than 
several reconstructive heart procedures commonly per-
formed in patients at this age. However, the need to adapt 
this procedure to incorporate repair of major concurrent 
cardiovascular malformations requires the consummate 
skill and creativity that remain the province of a few exem-
plary heart surgeons in congenital disease.315,316

Having withstood extended ischemic periods, heart grafts 
are extraordinarily intolerant of superimposed residual 
hemodynamic loads that may accompany imperfect vascu-
lar reconstruction. The extensive vascular repair and, par-
ticularly in older children with long-standing hypoxemia, 
the propensity to coagulopathy together elevate hemor-
rhage to a major cause of morbidity and even mortality in 
pediatric heart transplantation. Nevertheless, once success-
fully implanted, these grafts will respond to physiologic fac-
tors that stimulate growth and adaptation in the developing 
infant and child.317

Management considerations during separation from CPB 
and the early postoperative period are primarily focused on 
three pathophysiologic conditions: myocardial preserva-
tion, denervation, and PVR. Even expeditious transplant 
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Fig. 78.14 Demographic data for pediatric heart transplantation by age. Stacked bar graph illustrates the total number and age distribution for 
heart transplantation in patients younger than 16 years of age. Note the rapid rise in transplant procedures performed during the late 1980s, with par-
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Fig. 78.15 Indication for heart transplantation in children. Over 
the past 2 decades, the major indications for pediatric heart transplan-
tation were nearly equally divided between congenital malformation 
and cardiomyopathy. In later years, pediatric recipients with con-
genital malformations assumed a slight plurality as a result of shifting 
age demographics. As illustrated, younger children are more likely to 
undergo heart transplantation because of congenital malformation. 
(Data from the Registry of the International Society for Heart and Lung 
Transplantation, Addison, TX.)
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procedures usually force the heart to endure ischemic 
periods that exceed those encountered during reconstruc-
tive surgery. Although some researchers believe the infant 
heart is more tolerant of extended ischemia, these hearts 
will demonstrate a period of reperfusion injury, and virtu-
ally all require pharmacologic and, in some cases, mechani-
cal support.314 In addition, endogenous adaptive responses 
and exogenous pharmacologic agents that act by myocar-
dial sympathetic activation are ineffective in the denervated 
graft. Because the majority of children presenting for heart 
transplantation exhibit some element of elevated PVR, even 
with isolated end-stage cardiomyopathy, the RV of a newly 
implanted heart is particularly vulnerable to failure.

Ventilatory and pharmacologic interventions are usually 
configured to exert a favorable impact on PVR and provide 
inotropic and chronotropic support. Once the lungs are fully 
expanded, we ventilate to PaCO2 values in the low 30 mm 
Hg range using an FiO2 of 1. Virtually all recipients receive 
low-dose inotropic support such as epinephrine, milrinone, 
dopamine, and/or isoproterenol to promote inotropy, chro-
notropy, and lower PVR. As mentioned previously, a major 
concern is RV dysfunction, hence we will generally start 
iNO for the immediate post-CPB period.

Most transplant centers have a specific regimen for immu-
nosuppression to be initiated in the perioperative period. As 
with adults, pediatric transplant programs typically employ 
triple-drug immunosuppression with a calcineurin inhibi-
tor (e.g., cyclosporine, tacrolimus), antimetabolite (e.g., 
azathioprine), and steroid. After an interval without rejec-
tion, some pediatric programs will taper and discontinue 
one or even two of these agents, particularly in neonates, in 
whom some element of tolerance develops.318,319

Survival after pediatric heart transplant is improving. 
The principal risk factors are age younger than 1 year and 
congenital heart defects. Because these factors are closely 
related (i.e., the vast majority of infants younger than 1 
year of age undergo transplantation for a congenital heart 
defect), it is difficult to determine the independent effect of 
age. Concurrent repair of structural cardiovascular anoma-
lies substantially increases perioperative risks for hemor-
rhage, residual hemodynamic loading conditions, and 
right-sided HF from elevated PVR. The greatest risk of mor-
tality is found in the first year after transplant; however, 
infants who survive the first postoperative year have bet-
ter long-term survival than other age groups.320. Average 
survival for infants is 18 years of age, which is the time at 
which 50% of patients are alive after transplant.321 Aver-
age survival is 15 years for those transplanted at ages 1 
to 10 years of age, and 11 years survival for those trans-
planted as teenagers. The sequelae of rejection and the con-
sequences of the immunosuppression result in significant 
ongoing morbidity and mortality; despite advances in phar-
macologic therapy, rates of acute rejection in the first year 
have not changed appreciably.321

A unique quality of neonates is that their immune system 
remains immature, unable to produce antibodies effectively 
against foreign blood cells, until approximately 12 to 24 
months of age. Infants also have a poorly developed com-
plement system. These developmental characteristics allow 
for transplantation of an ABO-mismatched organ into an 
infant, which has expanded the pool of available organs for 
that population. Anesthetic implications for infants who 
are candidates for ABO-incompatible transplant surround 

transfusion management—these patients should receive 
only ABO compatible blood products before transplant, and 
should not receive whole blood.321

Lung and heart-lung transplantation have achieved 
respectable operative survival rates in children.322 They 
remain the only viable surgical therapy for infants and chil-
dren with severe pulmonary vascular disease and selected 
progressive pulmonary diseases. These remain uncommon 
procedures in pediatrics. Lung transplantation carries the 
additional morbidity of obliterative bronchiolitis, a debili-
tating small airway disease that results in gradual dete-
rioration in flow-related pulmonary functions over time. 
Despite a low operative mortality rate, 5-year survival is 
only 53%.322

Patients with transplanted hearts also present for sur-
veillance cardiac catheterizations, biopsies, and other pro-
cedures.299,323-325 The anesthesia plan in these patients 
should take into account the physiologic and pharmaco-
logic problems of allograft denervation, the side effects of 
immunosuppression, the risk for infection, and the poten-
tial for rejection.323-325 Cardiac allograft vasculopathy is 
the leading cause of morbidity and mortality after trans-
plantation, leading to progressive graft dysfunction with 
HF, an increased risk for dysrhythmia, and the possibility 
of arrhythmogenic sudden death. Conventional revascular-
ization procedures are ineffective because cardiac allograft 
vasculopathy is caused by intimal proliferation leaving 
retransplantation as the only therapeutic option.

Hyperlipidemia after heart transplantation is a common 
occurrence in both adults and children and is aggravated 
by chronic steroid therapy and other immunosuppressive 
agents. Statins are used with good results in controlling 
hyperlipidemia after transplantation and are likely to mani-
fest inherent immunosuppressive effects. Risk factors for 
posttransplant renal dysfunction are the use of calcineurin 
inhibitors, mechanical circulatory support, prolonged ino-
tropic support, and preexisting renal dysfunction. Newer, 
more potent immunosuppressive agents (e.g., tacrolimus) 
have led to steroid-sparing regimens late after transplanta-
tion, eliminating the detrimental effects of long-term steroid 
administration. Agents such as sirolimus may now be used 
in combination with lower levels of calcineurin inhibitors, 
thus minimizing long-term nephrotoxicity.

Posttransplant lymphoproliferative disorders represent 
a pathologic spectrum of abnormal lymphoid proliferation 
ranging from localized early lesions to polymorphic disease 
or, in some cases, monomorphic lymphomatous disease. 
From a clinical perspective, the most common sites of dis-
ease and presenting symptoms included the gastrointestinal 
tract and pulmonary systems. Patients with polymorphic 
disease are treated primarily by a reduction or temporary 
cessation of immunosuppression, along with adjunctive 
surgical therapy for tissue diagnosis or obstructive lesions. 
Most centers reserve traditional chemotherapeutic regi-
mens for patients with nonresponsive polymorphic disease 
and monomorphic disease. As a result of cardiac denerva-
tion, autonomic regulatory mechanisms are not available 
to prevent the wide swings in a patient’s hemodynamic 
state and the stress response is slower than usual. Cardiac 
parameters are significantly altered, and patients may expe-
rience a decrease in systemic blood pressure and cardiac fill-
ing pressures. Compensatory mechanisms are delayed, and 
reductions in cardiac output lead to decreased coronary 
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and cerebral perfusion, especially on the background of 
hypertension. Drugs with direct myocardial and vascular 
effects are the mainstay of therapy. Most immunosuppres-
sive agents affect hepatic and renal functions and interact 
with anesthetic drugs.!

Anesthesia for Closed-Heart 
Operations

Early corrective repair in infancy has significantly reduced 
the number of non-corrective, palliative closed-heart opera-
tions. Corrective closed-heart procedures include PDA liga-
tion and repair of coarctation of the aorta. Non-corrective 
closed-heart operations include pulmonary artery banding 
and extracardiac shunts such as the Blalock-Taussig shunt. 
These procedures are performed without CPB. Therefore, 
venous access and intraarterial monitoring are important 
in evaluating and supporting these patients. A pulse oxim-
eter and NIRS monitors (cerebral and somatic) are invalu-
able devices during intraoperative management.

Ligation of a PDA is typically performed through a left 
thoracotomy, although video-assisted thoracoscopic tech-
niques are increasingly common.326,327 Physiologic man-
agement is that of a left-to-right shunt producing volume 
overload. Patients with a large PDA and low PVR generally 
present with excessive PBF and CHF. Neonates and prema-
ture infants also run the risk for having substantial dia-
stolic runoff to the pulmonary artery, potentially impairing 
coronary perfusion. Thus, patients range from an asymp-
tomatic healthy young child to the sick ventilator-depen-
dent premature infant on inotropic support. The health of 
the former patient allows a wide variety of anesthetic tech-
niques culminating in extubation in the operating room. 
The latter patient requires a carefully controlled anesthetic 
and fluid management plan. Generally, a trial of medical 
management with indomethacin and fluid restriction is 
attempted in the premature infant before surgical correc-
tion. Transport of the premature infant to the operating 
room can be especially difficult and potentially hazardous, 
requiring great vigilance to avoid extubation, excessive 
patient cooling, and venous access disruption. For these 
reasons, many centers are now performing ligation in the 
neonatal ICU.

A subset of premature infants with PDAs is located at 
institutions without cardiac surgical teams. Ligation of 
the PDA in these patients requires either transfer of these 
high-risk neonates to a center that has a team who rou-
tinely perform the procedure or the availability of a team 
capable of performing the procedure who is willing to travel 
to perform the procedure in the neonate’s home neonatal 
ICU (NICU). Gould and associates328 reviewed the experi-
ence with onsite and off-site ligations of a team composed 
of a pediatric cardiac attending anesthesiologist, a certified 
registered nurse anesthetist, an attending pediatric cardio-
thoracic surgeon and fellow, and cardiac operating room 
nurses. There were no anesthetic-related complications in 
their group. No differences were found in the incidence of 
perioperative complications in the procedures in the two 
sites. This study showed PDA ligations can be performed 
safely in the NICUs of hospitals lacking onsite pediatric car-
diac surgical units, without incurring the risk inherent in 
transport of critically ill infants. In addition, patient care is 

continued by the neonatology team most familiar with the 
child’s medical and social history and the patient’s family is 
minimally inconvenienced.

Complications of PDA ligation include inadvertent liga-
tion of the left pulmonary artery or descending aorta, recur-
rent laryngeal nerve damage, and excessive bleeding as a 
result of inadvertent PDA disruption. Placement of a pulse 
oximeter on the lower extremity should alert the anesthe-
siologist and surgeon in the case of inadvertent aortic liga-
tion. After ductal ligation in premature infants, worsening 
pulmonary compliance can precipitate a need for increased 
ventilatory support, and manifestations of an acute increase 
in left ventricular afterload should be anticipated, especially 
if left ventricular dysfunction has developed preoperatively. 
PDA ligation has been performed in infants and children 
using thoracoscopic surgical techniques. This approach has 
the advantage of limited incisions at thoracoscopic sites, 
promoting less postoperative pain and discharge from the 
hospital the same day of surgery.

Coarctation of the aorta is a narrowing of the descend-
ing aorta near the insertion of the ductus arteriosus. 
Obstruction to aortic flow results and may range from 
severe obstruction with compromised distal systemic per-
fusion to mild upper extremity hypertension as the only 
manifestation. Associated anomalies of both the mitral 
and aortic valves can occur. In the neonate with severe 
coarctation, systemic perfusion depends on right-to-left 
shunting across the PDA. In these circumstances, left ven-
tricular dysfunction is very common and prostaglandin 
E1 is necessary to preserve sufficient systemic perfusion. 
Generally, a peripheral intravenous line and an indwell-
ing arterial catheter, in the right upper extremity, are 
recommended for intraoperative and postoperative man-
agement. In patients with left ventricular dysfunction, 
a central venous catheter may be desirable for pressure 
monitoring and inotropic support.

The surgical approach is through a left thoracotomy, 
whereby the aorta is cross-clamped and the coarctation 
repaired with an end-to-end anastomosis, patch aorto-
plasty, or subclavian patch. During cross-clamping, we 
usually allow significant proximal hypertension (20%-25% 
increase over baseline), based on evidence that vasodilator 
therapy may jeopardize distal perfusion and promote spinal 
cord ischemia. Intravascular crystalloid administration of 
10 to 20 mL/kg is given just before removal of the clamp. 
The anesthetic concentration is decreased, and additional 
blood volume support is given until the blood pressure rises. 
Postrepair rebound hypertension as a result of heightened 
baroreceptor reactivity is common and often requires medi-
cal therapy. After cross-clamping, aortic wall stress result-
ing from systemic hypertension is most effectively lowered 
by institution of #-blockade with esmolol or $/#-blockade 
with labetalol.329 Recent work indicates that patients 
younger than 6 years of age should receive an initial dose of 
esmolol 250 to 500 µg/kg, followed by an infusion of 250 to 
750 µg/kg/min, depending on the blood pressure. Despite 
an esmolol infusion, 25% to 50% of patients have a blood 
pressure that is above the targeted range, requiring a second 
drug. Sodium nitroprusside or nicardipine is usually chosen 
as the second drug. Propranolol is useful in older patients 
but can cause severe bradycardia in infants and young 
children. Although it actually increases calculated aortic 
wall stress in the absence of #-blockade by accelerating dP/
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dT (contractile force), the addition of sodium nitroprusside 
may be necessary to control refractory hypertension. Cap-
topril or an alternative antihypertensive regimen is begun 
in the convalescent stage of recovery in patients with per-
sistent hypertension.

The management of infants undergoing placement of 
extracardiac shunts without CPB centers on goals similar 
to those of other shunt lesions—balancing pulmonary and 
systemic blood flow by altering PaCO2, PaO2, and venti-
latory dynamics. Central shunts are usually performed 
through a median sternotomy, whereas Blalock-Taussig 
shunts may be performed through a thoracotomy or ster-
notomy. In patients in whom PBF is critically low, partial 
cross-clamping of the pulmonary artery required for the 
distal anastomosis causes further reduction of PBF and 
desaturation, necessitating meticulous monitoring of pulse 
oximetry. Careful application of the cross-clamp to avoid 
pulmonary artery distortion will help maintain PBF. Under 
circumstances in which severe desaturation and bradycar-
dia occur with cross-clamping, CPB will be required for the 
procedure.

Intraoperative complications include bleeding and severe 
systemic O2 desaturation during chest closure, usually indi-
cating a change in the relationship of the intrathoracic 
contents that results in distortion of the pulmonary arter-
ies or kink in the shunt. Pulmonary edema may develop 
in the early postoperative period in response to the acute 
volume overload that accompanies the creation of a large 
surgical shunt. Measures directed at increasing PVR, such 
as lowering inspired O2 to room air, allowing the PaCO2 to 
rise, and adding PEEP are helpful maneuvers to decrease 
PBF until the pulmonary circulation can adjust. Deconges-
tive therapy such as diuretics and digoxin may alleviate the 
manifestations of CHF. Under such circumstances, early 
extubation is inadvisable.

Pulmonary artery banding is used to restrict PBF in 
infants whose defects are deemed uncorrectable for either 
anatomic or physiologic reasons. These patients are gener-
ally in CHF with reduced systemic perfusion and excessive 
PBF. The surgeon places a restrictive band around the main 
pulmonary artery to reduce PBF. Band placement is very 
imprecise and requires careful assistance from the anes-
thesia team to accomplish successfully. Many approaches 
have been suggested. We place the patient on 21% inspired 
O2 concentration and maintain the PaCO2 at 40 mm Hg to 
simulate the postoperative state. Depending on the malfor-
mation, a pulmonary artery band is tightened to achieve 
hemodynamic (e.g., distal pulmonary artery pressure 
50%-25% systemic pressure) or physiologic (e.g., 2̇Q�2̇T 
approaching 1) goals. Should the attainment of these 
objectives produce unacceptable hypoxemia, the band is 
loosened.!

Anesthesia for Interventional or 
Diagnostic Cardiac Procedures

Advances in interventional and diagnostic cardiac catheter-
ization techniques are significantly changing the operative 
and nonoperative approach to the patient with a con-
genital heart defect. Common interventions in the cardiac 

catheterization laboratory are shown in Table 78.11. Non-
operative interventional techniques are being used instead 
of procedures requiring surgery and CPB for safe closure of 
secundum ASDs, VSDs, and PDAs. Stenotic aortic and pul-
monic valves, recurrent aortic coarctations, and branch 
pulmonary artery stenoses can be dilated in the catheter-
ization laboratory, avoiding surgical intervention.330,331 

TABLE 78.11 Common Interventions in the Cardiac 
Catheterization Laboratory

Device Closures Coil Embolization

SIMPLE INTERVENTIONS

Atrial septal defect (ASD) Decompressing veins

Ventricular septal defect (VSD) Aortopulmonary (AP) collaterals

Patent ductus arteriosus (PDA) Surgical shunts

Patent foramen ovale (PFO) Coronary/atrioventricular fistulas

Balloon valvuloplasty Balloon angioplasty

Aortic stenosis (AS) Branch pulmonary artery stenosis

Pulmonary stenosis (PS) Coarctation of the aorta

COMPLEX INTERVENTIONS

Hypoplastic Left Heart Syndrome (HLHS)

After Norwood

Pulmonary artery stenosis Angioplasty

Shunt thrombosis Dilation/thrombectomy

Restrictive ASD Balloon septostomy

Aortic arch obstruction Angioplasty

AP collaterals Coil embolization

Post Glenn/Fontan

Decompressing veins Coil embolization

Baffle leaks Device/coil embolization

Systemic vein stenosis/ 
thrombosis

Angioplasty/thrombectomy

Right ventricular failure Creation of fenestration

Exercise intolerance Closure of fenestration

AP collaterals Coil embolization

Obstructive Fontan pathway PA angioplasty, balloon septostomy

Transposition of Great Arteries Balloon atrial septostomy

Tetralogy of Fallot (TOF)

Shunt thrombosis Thrombectomy

Pulmonary artery stenosis Angioplasty

AP collaterals Coil occlusion

MISCELLANEOUS INTERVENTIONS

Severe pulmonary hypertension Atrial septostomy

ECMO left heart decompression Atrial septostomy

Stenosis of pulmonary veins Balloon angioplasty stent

Stenosis/thrombosis of systemic 
veins

Balloon angioplasty/thrombectomy

ECMO, Extracorporeal membrane oxygenation.
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These techniques shorten the hospital stay and are particu-
larly beneficial to patients with recurrent coarctation and 
muscular or apical VSDs, who are at a higher risk for opera-
tive intervention. Many patients with complex cardiac 
defects are poor operative candidates. Innovative interven-
tional procedures improve vascular anatomy, reduce pres-
sure loads on ventricles, and decrease the operative risk for 
these patients. For example, in TOF with hypoplastic pul-
monary arteries, balloon angioplasty and vascular stenting 
procedures create favorable pulmonary artery anatomy 
and reduce pulmonary artery pressure and right ventricu-
lar end-diastolic pressure. Complications are more common 
during interventional catheterization and include arterial 
thrombosis, arrhythmias (especially heart block), hemody-
namic instability, embolization of devices or coils, bleeding, 
perforation of the major vessels or heart, and lung reperfu-
sion injuries.332 Complications are more common in smaller 
infants, particularly those younger than 6 months of age. 
Constant vigilance, correction of electrolyte imbalance, 
maintenance of acid-base status, and appropriate heparin-
ization will mitigate some of the morbidity. Appropriate and 
early transfusion with deployment of rapid-response ECMO 
in the resuscitation of an infant in cardiac arrest improves 
outcome. High-risk patients undergoing diagnostic evalu-
ation of pulmonary artery hypertension in anticipation of 
heart-lung transplantation also require anesthetic man-
agement. Despite the attendant high risks for the procedure 
in patients with suprasystemic right ventricular pressure, 
these patients are best managed with general anesthesia 
and controlled ventilation.

Anesthetic management of interventional or diagnostic 
procedures in the catheterization laboratory must include 
the same level of preparation that applies in caring for 
these patients in the operating room. These patients have 
the same complex cardiac physiology and, in some cases, 
greater physiologic complexity and less cardiovascular 
reserve. Interventional catheterization procedures can 
impose acute pressure load on the heart during balloon 
inflation. Large catheters placed across mitral or tricuspid 
valves create acute valvular regurgitation or, in the case 
of a small valve orifice, transient valvular stenosis. When 
catheters are placed across shunts, severe reductions in 
PBF and marked hypoxemia may occur. The anesthetic 
plan must consider the specific cardiology objectives of the 
procedure and the impact of anesthetic management in 
facilitating or hindering the interventional procedure. In 
general, the three distinct periods involved in an interven-
tional catheterization are the data acquisition period, the 
interventional period, and the postprocedural evaluation 
period.

During the data acquisition period, the cardiologist per-
forms a hemodynamic catheterization to evaluate the need 
for and extent of the planned intervention. Catheterization 
data are obtained under normal physiologic conditions—
that is, room air and physiologic PaCO2. Increased FiO2 or 
changes in PaCO2 may obscure physiologic data. Although 
some patients may require O2 administration if the PBF is 
such that the administration of room air may lead to life-
threatening hypoxia, a discussion with the interventional 
cardiologist is essential in the care of these children. Ideally 
a patient would be kept spontaneously ventilating, but this 

is impractical. A secured airway allows the anesthesiologist 
to concentrate on hemodynamic issues. Positive-pressure 
ventilation also reduces the risk for air embolism; the car-
diologist can measure pressures during expiration to obtain 
the most accurate data. During spontaneous ventilation, 
a large reduction in intrathoracic pressure can entrain air 
into vascular sheaths and result in moderate-to-large pul-
monary or systemic air emboli. Precise device placement is 
also facilitated with muscle relaxants that eliminate patient 
movements and controlled ventilation, thereby reducing 
the respiratory shifting of cardiac structures. Substantial 
blood loss and changes in ventricular function occur com-
monly during the intervention.

In the postprocedural period, the success and physiologic 
impact of the intervention are evaluated. Blood pressure, 
mixed venous O2 saturation, ventricular end-diastolic pres-
sure, and cardiac output, when available, are used to assess 
the impact of the intervention. Persistent severe hemody-
namic derangement indicates the need for ICU monitoring 
and respiratory or cardiovascular support.

A brief description of some of the interventional proce-
dures and the associated anesthetic implications follows. 
The success of these interventions will undoubtedly result 
in widespread availability and use over the next few years.

TRANSCATHETER TECHNIQUE FOR ATRIAL 
SEPTAL DEFECT CLOSURES

In the transcatheter technique for ASD closures, a col-
lapsed double-umbrella clamshell device is loaded into a 
large introducer sheath placed through the femoral vein, 
advanced to the RA, and placed across the ASD into the left 
atrial chamber. Each side of the device consists of a Dacron 
mesh patch suspended in six spring-loaded arms that open 
like an automatic umbrella. Using biplane fluoroscopy and 
TEE, the catheter is positioned in the LA away from the 
mitral valve.333 The sheath is pulled back to open the six dis-
tal arms and its Dacron mesh cover into the LA. The sheath 
and device are then pulled back so the distal arms contact 
the left atrial septum. Fluoroscopy and TEE or intracardiac 
echocardiography are used to confirm that the arms are 
on the left atrial side and do not interfere with mitral valve 
motion. Once adequately seated, the sheath is pulled far-
ther back to expose the proximal side of the device and the 
proximal arms, which spring open to engage the right side 
of the atrial septum. When proper positioning is certain, the 
device is released.333 Device closure of secundum ASD is the 
preferred therapeutic approach. Data continue to support 
closure of defects of small-to-moderate size (<8-20 mm) 
in appropriate-size patients with appropriate septal length 
and device diameter.334-338 A 2012 review of percutaneous 
device ASD closure found a major complication rate of 1% to 
2.5% (device embolization or erosion, stroke, endocarditis, 
tamponade, and device thrombus), and a 3.5% to 6% minor 
complication rate (inflammatory reactions in those with 
nickel allergy, arrhythmia, access-site complications).339 
Cardiac erosions and heart block can occur in patients who 
receive a large device for patient size, especially those who 
have a deficient anterosuperior rim.340,341 Thrombus is a 
rare problem that can usually be treated medically, and its 
incidence appears to be device-dependent.342!
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TRANSCATHETER VENTRICULAR SEPTAL 
DEFECT CLOSURES

Most VSDs that are electively closed in the catheterization 
laboratory are mid-muscular or apical VSDs that are either 
difficult to close in the operating room or would require a 
left ventriculotomy. Left ventriculotomies are associated 
with a high incidence of left ventricular dysfunction and 
have been relegated to a position as the least desirable sur-
gical option. The preferred therapeutic approach for VSD is 
surgical closure. Transcatheter closure of muscular VSDs 
can be performed safely. However, a significant incidence of 
complications occurs, including heart block, blood loss, and 
hemodynamic instability.343,344 Device closure of membra-
nous VSD is in early stages of investigation, and the inci-
dence of complications remains to be determined.345,346 
The transcatheter approach requires a blade atrial septos-
tomy and a retrograde catheter placed through the femo-
ral artery and advanced to the LA. This catheter is pulled 
across the atrial septum into the RA and is used to guide 
a superior vena cava catheter (placed through the internal 
jugular vein) across the ASD into the LA, across the mitral 
valve, and into the LV. The VSD defect is approached from 
the left ventricular side. The large sheath containing the 
double-umbrella clamshell device prevents closure of the 
mitral valve, resulting in acute mitral regurgitation or, in 
cases in which the VSD is large or the mitral annulus small, 
acute severe mitral stenosis. In the latter case, systemic 
output is decreased and a period of severe hypotension is 
unavoidable. Judicious use of vasoconstrictors to maintain 
coronary perfusion may be required during the catheter 
placement, followed by volume and inotropic resuscitation 
after the VSD device is deployed. This highly specialized 
application of the clamshell device is confined to only a few 
pediatric centers in the United States. A 2015 review and 
meta-analysis comparing percutaneous versus open sur-
gical closure of perimembranous VSD showed equivalent 
closure success rates between groups, and no differences in 
major complications (death, reoperation, need for perma-
nent pacemaker).347 Patients in the percutaneous closure 
group were older (median 12 years vs. 5 years in surgical 
group); blood transfusions and hospital length of stay were 
shorter in the percutaneous versus the surgical group.!

ANGIOPLASTY OF BRANCH PULMONARY 
ARTERY STENOSIS

One of the most important areas of interventional catheter-
ization has been the dilation and stenting of hypoplastic or 
stenotic branch pulmonary arteries. In patients with TOF 
with hypoplastic pulmonary arteries, pulmonary atresia, 
or single ventricle with surgically induced peripheral steno-
ses, the use of balloon angioplasty and stenting procedures 
creates favorable pulmonary artery anatomy and reduces 
the risk for subsequent surgical repairs (Fig. 78.16). 
Peripheral pulmonary artery stenosis is not a surgically 
amenable lesion and is particularly suited to catheteriza-
tion and angioplasty. Balloon angioplasty is accomplished 
by tearing the vascular intima and media, allowing the 
vessel to remodel and heal with a larger diameter. The bal-
loon is placed across the stenotic lesion so that the middle 
of the balloon is at the stenosis. The balloon is inflated until 

the waist of the balloon is eliminated. Ideally, the most 
stenotic lesions are dilated first to minimize the impact 
on PBF and cardiac output. When the balloon is inflated, 
PBF is reduced, right ventricular afterload is increased, 
and cardiac output falls. In patients with an associated 
VSD or ASD, right-to-left shunting and desaturation occur 
with balloon inflation. In patients without a shunt, acute 
increase in right ventricular afterload can cause systemic 
hypotension and right ventricular failure. The large vascu-
lar sheaths required for these procedures can introduce tri-
cuspid regurgitation, which is poorly tolerated in patients 
with severe RV hypertension. Occasionally, balloon cath-
eters must be placed across aortopulmonary shunts, sig-
nificantly reducing PBF.

The procedure is successful in approximately 60% of 
patients. In an early series, complications included hypo-
tension (40%), pulmonary artery rupture (3%), unilateral 
reperfusion pulmonary edema (4%), aneurysmal dilation 
of the dilated pulmonary vessel (8%), death (1.5%), and 
transient postprocedural right ventricular dysfunction.348 
Improved techniques and patient selection have favorably 
influenced the results with superior balloon catheters and 

A

B  

Fig. 78.16 (A) Severe bilateral branch pulmonary artery stenoses at 
the distal end of a conduit in a patient with pulmonary trunk atresia 
and ventricular septal defect. Stents were placed in the right and left 
pulmonary arteries. (B) Follow-up angiogram in the same projection 
and magnification showed marked improvement of both right and left 
stenoses.
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stents while significantly reducing serious complications. 
Anesthetic support minimizes hemodynamic compromise 
by anticipating changes in blood flow patterns, treating 
transient hypotension, and providing airway support to 
minimize the risks associated with pulmonary artery dis-
ruption and acute unilateral pulmonary edema.348

A unique group of patients are those with Williams syn-
drome with supravalvular aortic and pulmonary stenosis. 
Such patients can have multiple areas of severe branch pul-
monary artery stenosis, with resultant systemic or supra-
systemic right ventricular pressures and right ventricular 
dysfunction. Patients can also have coronary stenosis and 
develop subendocardial ischemia from hemodynamic dis-
turbances in the setting of biventricular hypertrophy. The 
presence of supravalvular aortic stenosis, biventricular out-
flow tract obstruction, and coronary stenosis is associated 
with increased perioperative risk. Typically, such patients 
undergo general anesthesia with positive-pressure ventila-
tion and recover in the cardiac ICU for angioplasty of branch 
pulmonary artery stenosis.349 Care must be exercised in 
maintaining SVR, myocardial oxygenation, and contrac-
tility. Tachycardia and subendocardial ischemia should be 
avoided in the presence of ventricular hypertrophy.!

BALLOON VALVULOTOMIES

Balloon valvulotomies conducted in well-compensated 
infants and children often can be accomplished without 
anesthetic support. Exceptions include neonates with 
critical aortic or pulmonary stenosis and patients with 
significant ventricular dysfunction who exhibit unstable 
hemodynamics. Balloon valvuloplasty is indicated in val-
vular pulmonary or aortic stenosis with valvular gradients 
more than 50 mm Hg. Balloon dilation is effective in most 
patients, except those with dysplastic valves (e.g., Noonan 
syndrome); postdilation pulmonary incompetence is antici-
pated and does not pose a problem in the immediate and 
intermediate period. Long-term prophylaxis for subacute 
bacterial endocarditis is needed. Only 8% of patients require 
repeat interventions. Typically, patients recover in the ICU 
and may require transfusion depending on hemodynamic 
stability. Valvular aortic stenosis is associated with poor 
surgical outcome in the neonatal period. All therapies are 
palliative, with a high incidence of repeat interventions, 
and balloon valvuloplasty is often the initial treatment. 
Residual obstruction or regurgitation is common after bal-
loon dilatation and can require repeat intervention. A real 
risk exists for damage to the aortic valve and subaortic sep-
tum, with the consequence of acute aortic insufficiency and 
coronary ischemia. Hypotension and bradycardia com-
monly occur during valvuloplasty, and many centers have 
a policy of ECMO standby for these high-risk interventions 
in the catheterization laboratory. Ready availability of a 
surgical and perfusion team is crucial to a good outcome. 
Neonates with critical aortic stenosis often require stabili-
zation with inotropes and prostaglandins to maintain sys-
temic perfusion before the procedure. Balloon dilation of 
recurrent coarctation is often the therapy of choice in older 
children with recoarctation after surgery. Such patients are 
often hypertensive. The procedure can be performed with 
the patient under deep sedation or general anesthesia. In 
infants after Norwood palliation for HLHS, coarctation can 

occur in the distal arch anastomotic site. Catheters placed 
antegrade via the right side of the heart into the neoaorta 
can induce hemodynamically significant tricuspid and neo-
aortic regurgitation, resulting in hemodynamic instability. 
Careful monitoring and aggressive hemodynamic interven-
tion result in a good outcome.!

COIL EMBOLIZATION

Transcatheter methods can be adapted to occlude undesired 
vascular structures. Intravascular coils have been used to 
close PDAs, aortopulmonary collaterals, surgical systemic 
and pulmonary artery shunts, venous collaterals in single 
ventricle lesions, coronary fistulas, and some arteriove-
nous malformations (e.g., vein of Galen malformation). In 
selected instances, to minimize the risk that coils may escape 
to threaten vital organ perfusion, cardiologists request the 
use of general anesthesia with a muscle relaxant.

Depending on the lesion, patients might manifest severe 
cyanosis, low-output or high-output cardiac failure, or cor-
onary ischemia. Extra care should be exercised in patients 
with coronary fistulas to maintain myocardial O2 supply 
and reduce demand. Materials used for embolization can 
include surgical gel (Gelfoam), alcohol, and coils. Some of 
these substances can induce severe allergic reactions with 
hemodynamic collapse. Antibiotic prophylaxis is manda-
tory to prevent bacterial endocarditis. Angiography is used 
to demonstrate successful occlusion of the vascular struc-
ture and ascertain appropriate placement.!

VALVE PROSTHESES

Transcatheter bioprosthetic valve replacement of the pul-
monary and aortic valves is being performed. The pul-
monary valve is a bovine jugular venous valve mounted 
on a balloon-expandable Cheatham platinum stent. The 
technique is limited by the maximum size of 22 mm of the 
bovine jugular venous valve. Percutaneous placement of 
bioprosthetic valve in the pulmonary position is a reality, 
and further refinement and miniaturization will lead to its 
application in aneurysmal right ventricular outflow tract. 
Current candidates for the implantation of transcatheter 
pulmonary valve include age of 5 years or older, weight 
of 30 kg or more, and a conduit diameter of 16 to 22 mm. 
Candidates have moderate-to-severe pulmonary regurgita-
tion, often with RV dilation or dysfunction and mean right 
ventricular outflow tract gradients greater than 35 mm Hg. 
A single-center study comparing transcatheter PVR versus 
surgical PVR found that patients younger than 17 years of 
age had better pulmonary valve function following trans-
catheter versus surgically replaced valves.350 Transcatheter 
PVR reduces even significant tricuspid valve regurgitation 
in patients with RV outflow obstruction and pulmonary 
regurgitation.351 Interestingly, a prospective study of trans-
catheter PVR found significant increases in the size of the 
pulmonary artery postprocedure; this finding is of unclear 
significance for patient selection and long-term outcome.352

Transcatheter aortic valve replacement continues to be 
used in the management of adult patients with complex 
status and aortic stenosis who are not considered surgical 
candidates because of surgical risk. The use of these devices 
in pediatrics has been limited. Some authors have described 
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the use of transcatheter pulmonary valves in the high-pres-
sure circuit with good short-term performance. Complica-
tions of the transcatheter valve placements include wire 
perforation of vessels, conduit rupture, or coronary artery 
compression.!

EMERGENT PROCEDURES

Emergent interventions such as balloon atrial septostomy 
to ensure adequate mixing in patients with transposi-
tion physiology and in patients who have restrictive ASD 
with single ventricle physiology are lifesaving and enable 
planning surgery at a suitable time. The procedure can be 
performed at the bedside with echocardiography or in the 
catheterization laboratory with fluoroscopic confirmation 
of balloon position. Access is by the femoral or umbilical 
vein, and the balloon catheter is advanced through the 
foramen ovale into the LA. The balloon is inflated with 
contrast and pulled back via the septum until a satisfac-
tory ASD is created. If the procedure is successful, the left 
and right atrial pressures should equalize and adequate 
mixing should occur. Oxygenation and pulmonary venous 
drainage should improve. Complications include atrial per-
foration, laceration of the mitral or tricuspid valves and pul-
monary veins, and low cardiac output state. Balloon atrial 
septostomy is also performed emergently in patients receiv-
ing ECMO therapy for left-sided heart decompression.!

ENDOMYOCARDIAL BIOPSY

Typically, endomyocardial biopsies are performed as part 
of posttransplant surveillance catheterizations at regu-
lar intervals to ascertain absence of rejection in patients 
after orthotopic heart transplantation. Right-sided heart 
catheterization is usually performed by access of the right 
internal jugular vein, through which the long sheath 
and biotome are introduced. Usually five to eight samples 
are taken. Endomyocardial biopsies are also used to con-
firm a diagnosis of myocarditis or cardiomyopathy; seda-
tion or general anesthesia is required for smaller children, 
although older children can undergo this procedure with 
local anesthesia alone. Children who undergo catheteriza-
tion during a period of acute rejection are at high risk for 
malignant arrhythmias during endomyocardial biopsy and 
might require resuscitation. A clinical history suggestive 
of an episode of rejection includes fever, gastrointestinal 
disturbances, and arrhythmias. Complications include per-
foration, tricuspid valve damage, and the development of 
coronary-to–right ventricular fistulas.!

CARDIAC CATHETERIZATION OF PATIENTS 
SUPPORTED BY EXTRACORPOREAL MEMBRANE 
OXYGENATION

Booth and associates353 reported on the Boston experience 
of cardiac catheterization in pediatric patients supported 
with ECMO. Indications included assessment of surgical 
repair, left-sided heart decompression, myocarditis or car-
diomyopathy, hemodynamic assessment, catheter inter-
ventions, and ablation of arrhythmias. The most common 
interventions were left-sided heart decompression in 
patients with left atrial hypertension, balloon angioplasty 

of the pulmonary arteries, and endomyocardial biopsy. 
The anesthesiologist coordinates safe transport of the 
patient on mechanical support with the perfusion and 
nursing team. The logistics of the transport, availability of 
surgeon, and blood need to be addressed before the trans-
fer. Anesthesia is provided using isoflurane or sedatives on 
the ECMO circuit, and paralysis must be achieved before 
transport. Rest ventilation of the lungs is continued. The 
anesthesiologist’s role is in managing a safe transport and 
attending to emergency mechanical, cardiorespiratory, 
and hematologic issues.

At present, hybrid techniques find a niche in lesions in 
which cardiac surgery is problematic, such as apical mus-
cular or anterior muscular VSDs or in high-risk patients 
with more complex lesions in which immediate surgery is 
contraindicated or is associated with significant morbid-
ity and mortality. Close collaboration is required so that a 
surgical approach is modified to facilitate the subsequent 
interventional approach. The hybrid approach has been 
used in the management of HLHS. Stage 1 palliation is 
performed by creation of an atrial septal communication 
and stent placement in the ductus arteriosus during cath-
eterization to maintain ductal patency with surgically 
applied external right and left pulmonary artery bands or 
transcatheter-placed internal bands.354,355 A modified Nor-
wood procedure with a bidirectional Glenn anastomosis is 
performed with CPB during stage 2 palliation.356 Stage 3 
(Fontan operation) is performed entirely by transcatheter 
techniques.357 In the current surgical climate, it seems diffi-
cult to promote ductal stenting as a method of choice but in 
patients with contraindications to immediate surgery this 
provides an attractive bridge.358!

Adult Congenital Heart Disease

EPIDEMIOLOGY AND CLASSIFICATION

The care of adults with CHD is a new and exciting frontier 
in medicine. Adult congenital heart disease (ACHD) repre-
sents a large spectrum of clinical entities ranging from mild 
to severe and palliated to corrected, with no or multiple 
adult comorbidities. The incidence of CHD is estimated to 
be 3 to 6 cases per 1000 live births. Approximately 85% of 
these patients can be expected to reach adulthood.359 The 
prevalence of CHD is rising in both children and adults, with 
adults representing the largest group.

At the Bethesda conference in 2001, patients with ACHD 
were categorized into groups of simple, moderate, or great 
complexity based on medical diagnosis.359 Anesthesiolo-
gists should be aware of the Bethesda task conference rec-
ommendations for ACHD in terms of distribution of care for 
these patients. It is recommended that patients with CHD of 
great complexity be regularly seen at tertiary care centers 
that specialize in ACHD.!

CONSIDERATIONS IN THE CARE OF PATIENTS 
WITH ADULT CONGENITAL HEART DISEASE

Adults with CHD may present with unique anatomy or 
physiologic sequelae not otherwise encountered in pediat-
ric patients with CHD. Some patients with ACHD may have 
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had palliative repairs no longer primarily employed for spe-
cific diseases today, such as the Mustard or Senning proce-
dure for dextro-transposition of the great arteries (d-TGA). 
In addition, these patients may not have complete aware-
ness or access to information on medical treatments com-
pleted when they were a child. As the number of patients 
with ACHD increases, so do the chances an anesthesiologist 
will need to care for one of these patients in an emergent 
situation. In general, practitioners would want to gather 
as much information as available in regard to the details of 
the patient’s medical history, surgical repairs, and current 
functional status.

General considerations include presence of arrhythmias, 
hypoxemia, pulmonary hypertension, ventricular dysfunc-
tion, shunts, thrombosis, and need for antibiotic prophy-
laxis. Arrhythmias are one of the most common sequelae in 
adults with CHD. Common arrhythmias occur as the result 
of atrial dilation and include atrial fibrillation or flutter, 
which may or may not be hemodynamically significant. A 
right bundle branch block pattern of the QRS segment of the 
ECG is common after repair of TOF. In the absence of lung 
disease, hypoxemia results from a decrease of PBF, either 
due to obstruction or right-to-left shunting. Strategies to 
avoid further hypoxemia include adequate hydration, ven-
tilation, and pulmonary perfusion while decreasing PVR or 
O2 consumption. It is prudent to determine patient baseline 
SpO2 as a reference for the anesthetic. Many patients with 
ACHD with chronic hypoxemia may require hematocrit 
values greater than 45% to allow for adequate O2 delivery; 
O2 carrying capacity may be maximized by the administra-
tion of packed RBCs. Along with cyanosis, the presence of 
polycythemia in these patients increases their thromboem-
bolic risk.

The presence of pulmonary hypertension should always 
be considered when caring for patients with ACHD. Chronic 
volume overload to the pulmonary vascular bed creates 
hypertrophy of the arterioles with resultant pulmonary 
hypertension. Common defects where pulmonary hyper-
tension may be found in childhood include shunt lesions, 
which, if untreated, result in pulmonary vasoocclusive dis-
ease. When hypoxemia is present with these conditions, 
a high level of suspicion for pulmonary hypertension and 
possibly Eisenmenger syndrome is necessary. The anesthe-
siologist should always have a high level of suspicion for 
the presence of ventricular dysfunction in patients with 
ACHD. Many CHD defects place a volume or pressure load 
on the heart that over time may lead to dilated or hyper-
trophied performance. The careful titration of induction 
and maintenance agents that maintain ventricular perfor-
mance is warranted in providing anesthesia care. Shunts 
of varying size and location may be created in the care of 
hypoxic patients with CHD in an effort to increase PBF. In 
many cases, patients rely on the patency of these shunts to 
supply the lungs with blood and their occlusion could be 
catastrophic. Likewise, thrombosis of various shunts or 
cardiac chambers may occur related to altered patterns of 
blood flow. Therefore, specific anticoagulation strategies 
may be required to ensure blood flow. The American Heart 
Association has provided updated guidelines regarding rec-
ommendations for prophylaxis against infective endocar-
ditis, and specific guidelines may be found in this chapter 
(Table 78.12).!

SPECIFIC LESIONS WITH UNIQUE 
CONSIDERATIONS FOR ADULT CONGENITAL 
HEART DISEASE

Tetralogy of Fallot
TOF consists of four defects of varying physiologic sig-
nificance: malignant type VSD, varying degrees of right 
ventricular outflow tract obstruction, right ventricular 
hypertrophy, and an overriding aorta. The typical clinical 
significance of this pattern of cardiac anomalies is that of 
hypoxia as a result of decreased PBF. In the early stages of 
treatment of TOF the systemic–pulmonary artery shunt 
(Blalock-Taussig shunt) was used to allow the child to grow, 
followed by a definitive repair later in life. Many patients 
up until the 1970s may have had classic Blalock-Taussig 
shunt or central shunts performed. A mBTS is used today 
for patients who require augmented PBF but who are not 
candidates for early complete repair. Most infants undergo 
complete repair in the first year of life; on occasion, a degree 
of pulmonary stenosis protects the lung from overcircula-
tion of blood from the VSD while allowing adequate PBF for 
growth, and these patients may ultimately not require sur-
gical repair.

Adults with TOF may have had any of these potential 
surgical repairs. The type of repair completed and func-
tional status of the repair should be ascertained. The most 
common long-term complication after TOF repair is pulmo-
nary insufficiency; cardiac MRI is utilized to follow right 
ventricular volumes over time to aid in the timing of sur-
gical repair or pulmonary valve replacement.360 Elevated 
jugular venous pressures and hepatomegaly should alert 
the anesthesiologist to right ventricular failure. Other com-
plications of TOF repair include arrhythmias of right ven-
tricular origin or right bundle branch block patterns on the 
ECG, particularly in the case of previous ventriculotomy. 
Cyanosis in these patients suggests inadequate PBF.!

TABLE 78.12 Infective Endocarditis Prophylaxis

SINGLE DOSE 30-60 MIN  
BEFORE DENTAL PROCEDURE

Situation Drug Adults Children

Oral Amoxicillin 2 g 50 mg/kg

Unable to take oral 
medication

Ampicillin or 2 g IM/IV 50 mg/kg IM/IV

Cefazolin/ceftri-
axone

1 g IM/IV 50 mg/kg IM/IV

Allergic to penicil-
lins/oral

Cephalexin or 2 g 50 mg/kg IM/IV

Clindamycin or 600 mg 20 mg/kg IM/IV

Azithromycin/
clarithromycin

500 mg 15 mg/kg

Allergic to penicillins/
unable to take oral 
medication

Cefazolin/ceftri-
axone or

1 g IM/IV 50 mg/kg IM/IV

Clindamycin 600 mg 20 mg/kg

Vancomycin is an alternative for patients who are unable to tolerate a 
#-lactam or when the infective agent is considered to be methicillin-
resistant Staphylococcus aureus.
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Fontan Circulations
In the early1970s, Fontan and Kreutzer preformed a proce-
dure in a patient with tricuspid atresia in an attempt to sep-
arate the PBF from the systemic circulation361; known now 
as the Fontan procedure, or total cavopulmonary anas-
tomosis, the goal is to divert deoxygenated venous blood 
return directly and passively from the systemic venous cir-
culation to the lungs, allowing the single ventricle to pump 
oxygenated blood to the systemic circulation. This principle 
of blood diversion is now applied to many types of function-
ally single-ventricle patients, usually as a series of two to 
three-staged procedures. Currently, Fontan operations for 
single-ventricle patients are performed on patients between 
2 and 4 years of age, resulting in separation of pulmonary 
and systemic circulations. However, occasionally, adults 
present without having undergone a complete separation 
of circulations. Such patients have variable levels of cyano-
sis and ventricular dysfunction.

Even with the completion of total cavopulmonary anas-
tomosis, many patients experience a decreased survival 
beyond 15 years after surgery. Impaired systolic and dia-
stolic ventricular function as well as increased PVR con-
tribute to mortality, and HF therapies to treat two-ventricle 
patients may not be efficacious in one-ventricle patients.362 
Common causes of death after Fontan procedures include 
thromboembolism, HF, protein-losing enteropathy, and 
arrhythmias.363 When caring for adults with Fontan physi-
ology, the anesthesiologist should be mindful of conditions 
that may further impair oxygenation and myocardial func-
tion. PBF is passive, and any condition that increases PVR, 
or decreases systemic venous volume, will be poorly toler-
ated. These patients may also be very sensitive to myocar-
dial depressants. In addition, the initial Fontan procedures 
included a direct baffle of the atrium to the pulmonary 
artery, but this was later modified because of complica-
tions from atrial dilation and the resulting arrhythmias. 
Fontan procedures are currently extracardiac, to minimize 
atrial arrhythmia. Expected O2 saturation in a patient with 
Fontan physiology is at least 95%, though it may be lower 
in a patient with Fontan failure. Chronic anticoagulation 
for patients who have previously demonstrated, or are at 
presumed high risk for, thromboembolism is common and 
must be considered preoperatively.!
Transposition of the Great Arteries
TGA occurs when the aorta arises from the anatomic RV 
and the pulmonary artery arises from the anatomic LV. 
In classic d-TGA the two circulations are in parallel and 
require mixing to be compatible with life. In the 1980s, sur-
gical management of TGA consisted of atrial-level switch 
procedures—the Mustard or Senning procedure—in which 
venous return to the heart was redirected at the atrial level 
though a baffle system. Therefore, highly oxygenated pul-
monary venous return was redirected to the RV, which 
pumped to the aorta and systemic circulation. Systemic 
deoxygenated blood was directed to the LV, which pumped 
the blood through the pulmonary artery to the lungs for 
oxygenation. Long-term complications of this strategy 
include atrial dilation from baffle obstruction or leak with 
resultant arrhythmias, sinus node dysfunction, or sudden 
death. Particularly problematic complications included the 
systemic right ventricular dysfunction, AV valve regurgita-
tion, subpulmonary stenosis, and pulmonary hypertension. 

Today, the arterial switch operation is preferred, in which 
the aorta with the coronary arteries are attached to the LV 
and the pulmonary artery is attached to the RV. Compli-
cations from the arterial switch operation include regur-
gitation of the neoaortic valve, myocardial ischemia from 
coronary ostial stenosis, right or left ventricular outflow 
tract obstruction, residual intracardiac shunting, and left 
ventricular dysfunction.!

Pediatric Cardiac Electrophysiology

DIAGNOSTIC EVALUATION

Cardiac Event Monitoring
Most patients with cardiac arrhythmias present with infre-
quent or episodic symptoms. These symptoms may include 
chest pain, palpitations, syncope, and presyncope. Trans-
telephonic electrocardiographic event monitors may yield 
documentation of the arrhythmia because they are porta-
ble and patient activated.364!
Insertable Cardiac Recorders
Insertable loop recorders implanted subcutaneously allow 
continuous rhythm monitoring that is stored either when 
manually activated by a patient or parent or automatically 
when high or low rate parameters are met.365 These insert-
able loop recorders have value in correlating arrhythmias 
with symptoms when noninvasive means do not make a 
diagnosis. Typically, loop recorders are inserted under gen-
eral anesthesia as an outpatient procedure and cause mini-
mal pain.!

RADIOFREQUENCY ABLATION OF ACCESSORY 
PATHWAYS

Radiofrequency ablation is a nonsurgical approach 
designed to eliminate atrial or ventricular reentrant 
tachyarrhythmias. The technique requires pathway map-
ping and precision ablation of the aberrant pathway, 
using a radiofrequency ablation catheter. Catheter abla-
tion is offered to patients with refractory arrhythmias that 
are bothersome and the focus or pathway is amenable to 
ablation. Supraventricular tachycardias (SVTs) have an 
incidence of 1 in 250 to 1000 children and usually pres-
ent later in childhood.366 Up to 50% of adults with CHD 
develop SVT.367 Although right-sided pathways are easier 
to access, left-sided pathways that require a transseptal 
puncture have a better cure rate.368 In pediatrics, the elec-
trophysiology catheters are introduced by femoral venous 
catheterization and the tips are positioned in the right 
atrial appendage, the bundle of His area, right ventricular 
apex, and the coronary sinus. Occasionally, right internal 
jugular venous access is used for placement of the coro-
nary sinus catheter. Rapid atrial pacing and, occasionally, 
an isoproterenol infusion are required during the mapping 
procedure to induce the arrhythmia. An ablation catheter 
is used to map the substrate, and, subsequently, the path-
way is ablated using radiofrequency energy (300-750 kHz). 
In complex cases or in cases with pathways in the vicinity 
of the AV node, cryotherapy is used to limit damage to the 
AV node. Cryotherapy permits a slower burn, and the abil-
ity to stop the ablation if transient AV block or lengthening 
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of the PR interval occurs. General anesthesia is required 
for ablation procedures in children, as unexpected patient 
movement may result in catheter dislodgment and damage 
to normal conducting tissue.

Anesthetic drugs and techniques should aim to main-
tain circulating catecholamines and avoid suppression 
of arrhythmogenesis, to aid in identification of the aber-
rant pathway. Total intravenous anesthesia with propofol 
or a low-dose volatile anesthetic are equally satisfactory 
options. Data suggest that modern inhaled anesthetics such 
as isoflurane and sevoflurane have no significant effects on 
cardiac conduction in children with SVT and are therefore 
suitable options.369,370 There is conflicting evidence on 
desflurane with more recent data suggesting it may block 
AV conduction and therefore may not be a good anesthetic 
in these cases.371 An increased incidence of postoperative 
nausea and vomiting (PONV) is reported after these proce-
dures, which is not only distressing but may produce bleed-
ing from the access sites. Both low-dose propofol infusion 
and low-dose volatile anesthetic may be used along with 
the bispectral index monitor to maintain a lighter level of 
anesthesia. To minimize the risk of PONV, two classes of 
antinausea medications should be administered. Place-
ment of an arterial line is needed for rapid atrial pacing and 
isoproterenol during the mapping procedure, both of which 
can cause significant hypotension. Medications that sup-
press conduction or decrease sympathetic tone, including 
dexmedetomidine, should be avoided until the end of the 
procedure.

Severe postablation cardiomyopathy has been described 
but is very unusual. Presumed causative factors include 
underlying cardiomyopathy from frequent episodes of 
SVT, and myocardial O2 imbalance caused by prolonged 
periods of rapid atrial pacing and isoproterenol infusions. 
Other procedure complications include radiation exposure, 
tamponade, pericarditis, groin hematoma, arterial throm-
bosis, AV block, systemic embolization, coronary artery 
dissection, trauma to the mitral and tricuspid valves, and 
endocarditis.

Intraatrial Reentrant Tachycardia
Intraatrial reentrant tachycardia (IART) is the most com-
mon arrhythmia in CHD and is associated with significant 
morbidity and mortality. The incidence of IART is highest 
in patients who have undergone Fontan and atrial switch 
operations because of atrial incisions, sutures lines, and 
dilation, and fibrosis caused by long-term hemodynamic 
changes.367 Therapeutic options for IART include anti-
arrhythmic medications, radiofrequency catheter abla-
tion, cryoablation, surgery, and pacing. The Pediatric 
and Congenital Electrophysiology Society and the Heart 
Rhythm Society have published comprehensive guidelines 
for arrhythmia management in ACHD.372 Careful choice 
of anesthetic, monitoring, and early management of low 
cardiac output states, especially in patients with single-
ventricle physiology, are important. Prolonged periods of 
arrhythmia induction during mapping can reduce cardiac 
output and necessitate inotropic therapy. Cardiac ICU may 
be indicated for postoperative recovery. Although acute 
success rates are high at 90%, arrhythmia recurrence is 
problematic in this population occurring in 34% to 54% of 
patients. Fontan physiology and older age are risk factors 
for recurrence.367,373 As more patients with CHD survive 

into adulthood, the incidence of both permanent IART and 
atrial fibrillation are increasing.374

Intraoperative cryoablation within the RA for patients 
with IART or LA for atrial fibrillation using preoperative 
and intraoperative mapping can be used successfully. 
Atrial antitachycardia pacing is an option to terminate 
treatable tachycardias; a single-center cohort study dem-
onstrated that this technology decreased the need for 
cardioversion rate in patients with CHD.375 Atrial anti-
tachycardia pacing has reduced efficacy in patients with 
L-TGA. In patients who are either unsuitable candidates 
for catheter ablation or in whom ablation has been unsuc-
cessful, surgical ablation may be successfully combined 
with repair of CHD.!
Arrhythmias and Sudden Cardiac Death
Certain cardiomyopathies and channelopathies are associ-
ated with an increased risk for sudden cardiac death result-
ing from lethal arrhythmias. The patient usually has a 
history of syncope, near-syncope, or aborted sudden death. 
Such patients present for insertion of automated internal 
cardioverter-defibrillators (AICDs) for either primary or sec-
ondary prevention.!

IMPLANTATION OF PACEMAKERS AND 
DEFIBRILLATORS

Pacemakers are indicated for complete heart block or sinus 
node dysfunction with symptomatic bradycardia and hemo-
dynamic decompensation. Children usually require general 
anesthesia with endotracheal intubation. It should be noted 
that the anesthetic can be associated with worsening brady-
cardia. Transthoracic pacing pads are applied before induc-
tion of anesthesia, and an isoproterenol infusion should 
be available in case its needed for chronotropy. External 
transthoracic, esophageal, or emergent transvenous pac-
ing may be necessary until placement of a permanent pac-
ing device is achieved. In small children the pacemaker 
generator is typically placed in the upper abdomen, and in 
older children and teenagers it is placed in the subclavicular 
region. Epicardial leads are used in small children because 
of inadequate size of the veins and in those in whom trans-
venous access to the heart is impossible (e.g., the Fontan 
circulation). Epicardial pacemaker placement usually is 
performed by a cardiac surgeon, with electrophysiologists 
readily available to program the device. Adequate periph-
eral venous access is mandatory in the event of major hem-
orrhage, and blood should be readily available. A mode of 
monitoring mechanical capture of electrical pacing activity 
is also necessary and can include invasive arterial monitor-
ing or pulse plethysmography. Transvenous pacing can be 
achieved in the operating room with surgical backup or in 
the cardiac catheterization laboratory by the cardiologists. 
In the latter situation it is important to address the need for 
surgical backup during case planning.

AICDs are placed for life-threatening ventricular 
arrhythmias, which include LQTS, hypertrophic cardiomy-
opathy, and arrhythmogenic right ventricular dysplasia. 
Of note, the device is tested after placement, with induction 
of ventricular fibrillation. It is absolutely essential to have 
external modes of defibrillation available, as well as antiar-
rhythmics such as amiodarone, magnesium, and lidocaine, 
in the event of device failure. These devices are placed with 
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the patient under general anesthesia with endotracheal 
intubation and controlled ventilation. Invasive arterial 
pressure monitoring is typically used. Adequate analgesia 
can be provided with local infiltration with local anesthetics 
and short-acting intravenous opioids. Patients are admitted 
overnight with telemetry monitoring. Appropriate antibi-
otic therapy is provided for a 24-hour period.!

Advances in Resynchronization 
Therapy

Bundle branch block or interventricular conduction delay 
often accompanies HF and some forms of CHD, either preop-
eratively or postoperatively, and may result in ventricular 
dysfunction caused by asynchronous myocardial contrac-
tion. Biventricular pacing is an attempt to resynchronize 
ventricular contraction by pacing both ventricles, thereby 
improving overall ventricular function. In patients with left 
bundle branch block, cardiac resynchronization therapy 
counteracts the underlying electrical and mechanical dys-
synchrony, leading to improved contractility, function, 
exercise tolerance, and quality of life. Multisite pacing, 
involving intraoperative placement of atrial and ventricu-
lar unipolar epicardial temporary pacing wires, improves 
cardiac index and systolic blood pressure in the immediate 
postbypass period.376 Multisite, temporary pacing may not 
be indicated or necessary to improve function in low-risk, 
biventricular repairs377; however, despite long-term out-
come data, multisite pacing has become standard in many 
circumstances, including single-ventricle physiology, redo-
procedures, or in patients at high risk for morbidity and 
mortality.

Right bundle branch block is a common outcome after 
surgery for congenital heart lesions. Right ventricular pres-
sure, volume loading, or both also may be present, with 
attendant right ventricular enlargement and dyskinesis. 
Dual-chamber pacing decreases the QRS duration and 
increases cardiac index; the pacing site producing the most 
narrow QRS duration is of most benefit.378,379!

Anesthesia for Noncardiac 
Surgery

INFECTIVE ENDOCARDITIS PROPHYLAXIS: 
AMERICAN HEART ASSOCIATION GUIDELINES

Guidelines for infective endocarditis prophylaxis were 
updated by the American College of Cardiology and the 
American Heart Association in 2008. A detailed discussion 
of the changes is beyond the scope of this chapter.

Procedures for which prophylaxis for infective endocar-
ditis is recommended include the following380:
  

 "  Dental procedures involving manipulation of the gingi-
val tissue or periapical region of the teeth or involving 
perforation of the oral mucosa

 "  Respiratory procedures involving incision of the respira-
tory mucosa

 "  Procedures involving infected skin, skin structure, or 
musculoskeletal tissue

  

Prophylaxis is no longer routinely recommended for gas-
trointestinal and genitourinary procedures. For elective 
procedures, coexisting enterococcal urinary tract infec-
tions should be treated before genitourinary or gastroin-
testinal procedures; for emergent procedures, in patients at 
highest risk for infective endocarditis, prophylaxis can be 
considered.

Conditions for which prophylaxis is recommended for 
dental procedures include the following (see Table 78.12):
  

 "  Prosthetic cardiac valve
 "  Previous infective endocarditis
 "  Unrepaired CHD, including palliative shunts and con-

duits
 "  Completely repaired CHD with prosthetic material or 

device within the first 6 months after the procedure
 "  Repaired CHD with residual defects at the site or adja-

cent to the site of a prosthetic patch or device
 "  Cardiac transplant recipients who develop cardiac valvu-

lopathy
  

These are guidelines only, and it is prudent practice to 
consult the child’s cardiologist in order to create an indi-
vidualized plan based on the child’s condition, operative 
procedure, and risk for bacteremia.!

MAGNETIC RESONANCE IMAGING OF THE 
HEART

A major advantage of MRI is the ability to assess the volume 
and mass of asymmetric ventricular shapes, especially the 
RV. The American Society of Anesthesiologists (ASA) has 
published a practice advisory on anesthetic care for MRI.381 
Apart from the usual considerations of providing general 
anesthesia in a remote location, the anesthesiologist must 
be prepared to provide resuscitative care when working in 
a magnetic field necessitating the use of magnet-safe equip-
ment. Patients with implanted devices and hardware need 
to be assessed to ensure magnet compatibility and safety. 
Generally, pacemakers, implanted defibrillators, and aneu-
rysm clips are contraindications to MRI. Coils, stents, and 
other surgical clips produce interference and imaging arti-
fact but do not constitute a threat to patient safety. In a 
majority of patients, the scan can be performed as an out-
patient procedure.

Patients who are younger, uncooperative, or claustro-
phobic require sedation or general anesthesia. Good image 
quality, angiography, and delayed enhancement imaging 
are aided by breath holds, which may last for more than one 
minute and require preoxygenation. Typically, if breath 
holds are required, general endotracheal anesthesia is 
required and an anesthesia provider is present in the room. 
However, radiologic advances have allowed many centers 
to use “free breathing” protocols to avoid the need for breath 
holds and therefore general anesthesia.382,383 Such proto-
cols acquire multiple images, then use an algorithm that 
eliminates the artifact created by respiration. Radiologists 
are increasingly cognizant of the potential risk of general 
anesthesia in young children and are adapting protocols to 
avoid the need for general anesthesia when possible.384

Irrespective of anesthetic technique, it is mandatory to 
maintain continuous monitoring of heart rate, pulse oxim-
etry, capnography, and noninvasive blood pressure. In the 
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event of hemodynamic compromise, the patient should be 
removed from the MRI scanner into a safe environment 
where resuscitation equipment can be safely used. With 
the development of compatible catheters and devices, MRI 
is a useful tool in minimizing x-ray exposure, particularly 
in patients whose CHD necessitates numerous catheteriza-
tion procedures. Cardiac MRI may be used in combination 
with fluoroscopy in the catheterization suite to decrease 
radiation exposure and improve soft tissue visualization in 
patients with CHD.385!

Offsite Anesthesia in Cardiac 
Surgery Patients

Patients with cardiac disease are no different from any other 
group of patients who require procedures or investigations 
in areas outside the operating room. Therefore, anesthesi-
ologists should always be prepared for any eventuality and 
follow guidelines such as those set out by the ASA. This 
discussion excludes procedures performed in the cardiac 
catheterization laboratory as this has been addressed else-
where. The nature of congenital cardiac surgery will result 
in a number of patients requiring emergent chest explora-
tion for hemorrhage or to relieve tamponade, or for ECMO 
cannulation, all of which may take place in the ICU setting. 
It is obvious that we cannot predict with certainty which 
patients will have problematic postoperative courses, but 
the practitioners who have participated in the operative 
phase will gain an accurate sense of which patients may 
require possible further exploration or surgery. Accord-
ingly, it is best to plan ahead, and prepare for worst-case 
scenarios. It is imperative that enough blood and blood 
products are available to perform surgery at any given time. 
Successful treatment of emergency situations depends on a 
team approach to patient care, and thus surgeons, anesthe-
siologists, intensivists, perfusionists, and operating room 
nurses must be immediately available. When the decision is 
made to perform a procedure within the ICU, speed of prepa-
ration is of the essence. Drugs, electrolytes, and infusions 
must be readily available. Emergent preparation includes 
ensuring that blood is checked, a warmer is ready for use, 
emergency drugs are present, and the code cart (with inter-
nal paddles) is available. The anesthesiologist’s role is one 
of facilitation of the entire procedure including sedation, 
airway management, patient positioning, preparing the 
blood, and continuing ongoing volume and pharmacologic 
resuscitation.

The premature infant with a PDA poses an interesting 
management problem to cardiac surgery teams because 
frequently these ill neonates are at hospitals far from major 
centers where the team is normally assembled. As refer-
enced in an article by Gould and associates,328 teams have 
been performing these ductal ligations with great success 
at hospitals remote from their “home” hospitals. The phi-
losophy is to take the cardiac team to the neonate instead 
of having these fragile infants transported. In this article, 
neonates operated on in the “home” hospital NICU were 
used as the controls, and it was found that the success and 
complication rates were comparable in the two groups. 
Thus, from an anesthetic perspective, travel with a full 
complement of airway equipment and drugs, as described 

earlier, with packed red cells being made available at the 
host hospital. The anesthetic regimen for this procedure 
comprises a high-dose opioid, muscle relaxant, antibiotic, 
and a continuation of any preoperative vasoactive infu-
sions. We have found that this is a stable and well-tolerated 
anesthetic regimen.

The requirement for anesthesia services is ever-widen-
ing, and in patients with pediatric heart disease this is also 
the case. Thus, the patients will require radiologic investi-
gations, including CT, MRI, and nuclear medicine scans; 
interventional radiology procedures; and gastrointestinal 
procedures, among others. Before discussion of the patient 
and the anesthetic, it is important for the practitioners 
to have a thorough knowledge of the environment into 
which they are taking the patient with regard to magnetic 
fields, closest code cart, and the ability to get help quickly if 
needed. Without going into the specifics of every potential 
clinical scenario, a few basic points are discussed.

As with any anesthetic procedure, a thorough preopera-
tive evaluation is vital. Most patients with pediatric heart 
disease have long and complex histories, so this assessment 
should include a detailed description of their cardiac sta-
tus, including prior surgeries, catheterization findings, and 
associated conditions (e.g., neurocognitive function, pul-
monary status, renal function). Depending on the patient’s 
underlying condition a recent echocardiogram will give 
very important clinical details related to overall function, 
valve pathology, presence or absence of intracardiac shunt, 
patency of surgical shunts, and presence of pericardial fluid. 
Although this may be ideal, often the echocardiographic 
examination may be remote from the anesthetic encounter 
and thus the clinical history and examination are impor-
tant. Patients who have had a heart transplant should have 
a relatively recent echocardiogram, as it will provide vital 
information that may indicate worsening function in an 
otherwise asymptomatic patient.

Nothing-by-mouth guidelines deserve special consider-
ation. Many congenital cardiac patients have physiology 
in which dehydration may be deleterious (e.g., single-
ventricle, presence of surgical shunts, unrepaired TOF). 
In these patients, it is important to allow and encourage 
oral hydration up until 2 hours before the planned proce-
dure; if this is not possible, intravenous fluids must be used. 
The anesthetic course will depend on the duration of the 
planned procedure, the patient’s physiology (i.e., sponta-
neous vs. controlled ventilation), airway management 
(natural vs. laryngeal mask airway vs. endotracheal tube 
airway), anesthetic maintenance, travel to and from the 
procedural area, and maintenance of the patient’s tem-
perature. Before leaving the induction area the anesthetic 
team must be prepared for airway misadventures and even 
a code situation; thus, the team must travel with auxiliary 
airway equipment and resuscitative drugs. The very num-
ber of these different venues may make it difficult to have 
an anesthesia machine present in each; however, an anes-
thetic cart with additional airway equipment, intravenous 
materials, and resuscitative drugs should be present. The 
anesthetic that is delivered may vary among practitioners 
and institutions, but the common details of importance 
are a thorough knowledge of the patient and the ability to 
treat expeditiously should any difficulty ensue in a remote 
venue.
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