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Prematurity and low weight remain significant risk factors for mortality after
neonatal cardiac surgery despite steady gains in survival. Newer and lower
weight thresholds for operability are constantly generated as surgeons
gather proficiency, technical mastery, and experience in performing com-
plex procedures on extremely small infants. Relationship between birth
weight and survival after cardiac surgery is nonlinear with 2 kg being an
inflection point below which marked decline in survival occurs. If strides
toward improved survival in this weight category are to be made, under-
standing the inherent vulnerabilities of the premature and low birth weight
infant is important in addition to acknowledging the vulnerabilities of the
system in which care is delivered.
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Central Message

The inherent vulnerabilities of developing

organ systems in premature infants are exposed

after cardiac surgery. Understanding these

functional limitations is critical in the pre- and

postoperative management.
INTRODUCTION
Approximately 40,000 infants are born with congenital heart

disease annually in the United States, and over 1 million babies
are born every year worldwide [1�3]. Many of these infants
will require surgery to correct or palliate their heart defect dur-
ing their lifetime and some will require surgery in the newborn
period. Continual advances in surgical and cardiopulmonary
bypass techniques, as well as improved preoperative and post-
operative management have resulted in a general decline in
operative mortality across all age groups [4]. However, mortal-
ity rates after cardiac surgery remain highest among neonates,
and higher still in those born prematurely, of low birth weight
and with significant associated medical conditions or genetic
syndromes [5�9].

Neonates born before 37 completed weeks of gestation are at
greater risk of mortality after cardiac surgery than those born
after 37 weeks [6,9,10]. However, the risk of death after 37
weeks is not uniformly equivalent. Population and single-
center studies have revealed this phenomenon both in babies
born with congenital heart disease and in those without
Division of Neonatology, Columbia University Medical Center, New
York, New York

Address correspondence to: Ganga Krishnamurthy, MBBS, Columbia
University Medical Center, West 168th Street, PH 17201-B, New York,
NY 10032. E-mail: gk2008@cumc.columbia.edu

2 1092-9126/$�see fro
[6,10,11]. There is an incremental decline in death rate from
37 to 40 weeks, with the nadir at 39�40 weeks [6]. Death rates
increase again if delivery is delayed beyond 41 weeks. Prior to
recent recommendations by the American College of Obstetri-
cians and Gynecologists, fetuses with congenital heart disease
were electively delivered at 37 weeks, this is often to allow
better coordination of delivery, catheter intervention if nec-
essary, and to avoid in utero demise [6]. Extending preg-
nancy from 37 to 38 weeks to 39�40 weeks provides a
significant survival benefit and reduces the risk of complica-
tions [6]. Therefore, elective delivery of babies before 39
completed weeks of gestation, absent any obstetric or fetal
risk, should be discouraged.
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CARDIOPULMONARY BYPASS IN PREMATURE AND LOW BIRTH WEIGHT NEONATES
Term gestation is actually delineated by statistical probability
and ranges from 37 to 42 weeks. Thirty-seven weeks is an
entirely arbitrary beginning for term gestation and the period
between the 2 limits represents a continuum where organ
maturity continues. Therefore, babies born in the “early term”

period are physiologically less mature than babies born at “late
term.” The exact physiological immaturity that places early
term neonates at greater risk of mortality likely represents
incomplete development of several organ systems. Even at
“full term” (39, 40 weeks) and “late term” (41 weeks) birth,
organ maturation is unlikely to be complete, but is a gradual
process that continues for several months and years after birth.

Premature birth (prior to 37 weeks) and low birth weight
(<2.5 kg) add substantial mortality risk before and after cardiac
surgery [6�10]. Collectively, there is a 1.5�6-fold increase in
cardiac surgical mortality in this population compared to
infants born after 37 weeks with risk increasing at progres-
sively lower gestational ages and lower birth weights [6,9].
Very premature (28�32 weeks) and extremely premature
(<28 weeks gestational age) infants with severe congenital heart
defects have a 5-fold increased risk of in-hospital mortality
compared to very/extremely premature born infants born with-
out congenital heart disease and nearly 2.5-fold increase in risk
of mortality compared to infants born at term with congenital
heart disease [8]. Presence of a cardiovascular malformation
increases risk of mortality across all gestational ages but the
additional or excess death risk due to cardiovascular lesion is
most pronounced in term infants where mortality rates are
low [12].

Multiple factors contribute to the increased mortality risk in
premature and low birth weight infants. Lesions requiring sur-
gery in the neonatal period are often quite complex. Technical
challenges include tissue fragility, cannulation, and mainte-
nance of adequate cardiopulmonary bypass. The performance
of intricate procedures in tiny hearts requires superior techni-
cal skill and years of experience for mastery. Abnormal, preop-
erative circulation for several weeks to secure growth and
weight gain and the effects of cardiopulmonary bypass on
immature organ systems are additional factors that place pre-
mature and low birth weight neonates at greater risk for
mortality and complications after surgery.

RECOGNIZING THE VULNERABILITIES OF THE
PREMATURE/LOW BIRTH WEIGHT NEONATE

A summary of limitations of the various organ systems in pre-
mature and low birth weight (LBW) infants is provided below.

Cardiovascular

Postnatal Increase in Left Ventricular Output
At birth, the metabolic rate/oxygen consumption increases

several-fold because of the additional demands imposed by heat
conservation mechanisms and respiratory activity [13�15]. Oxy-
gen delivery increases in a similar proportion to maintain normal
oxygen reserve capacity. Much of the increase in oxygen delivery
Seminars in Thoracic and Cardiovascular Surgery: Pediatric Ca
is attributed to a substantial increase in left ventricular output
after birth. Enhanced left ventricular output is caused by an
increase in heart rate, an increase in left ventricular preload, and
greater inotropic state [16�18]. The exact mechanisms causing
this postnatal increase in cardiac output are not completely
known, but thyroid hormone is believed to play a role [19]. Fetal
lambs in which the thyroid gland was removed 2 weeks before
delivery demonstrated low plasma levels of T3 and failed to
show the expected postnatal increase in T3 levels and cardiac
output [19]. These same lambs had fewer b-adrenergic receptors
on the myocardial surface and exhibited a blunted response to
b-adrenergic stimulation [19]. Elevation in cortisol levels, a cate-
cholamine surge, and relief from ventricular constrainment at
delivery also contribute to the postnatal elevation in cardiac out-
put [20�22].
Developmental Differences in Myocardial Structure
and Excitation-Contraction Coupling

Generation of myocardial contractile force increases with
maturation [23�25]. Developmental differences in contractil-
ity are mostly caused by age-related differences in myocardial
structure. The immature myocyte is smaller and has greater
intracellular spatial disorganization than its mature counterpart
[25]. Also, a large proportion of the immature myocyte is
inhabited by noncontractile organelles that do not contribute
to force generation. The small, spherical structure of the imma-
ture myocyte and the central location of noncontractile ele-
ments imposes a biophysical disadvantage to shortening [25].
Immature myofibrils assume a random arrangement rather
than the parallel arrangement seen in adult myocytes [24�26].
There are also far fewer myofilaments � the fundamental units
of cross-bridge formation [24,25]. An increased number of
myofilaments correlates with an increase in myocardial force
generation [27]. Isoform switching of myofibrillar proteins
with development also contributes to improved contractile
efficiency with age [28,29].

The calcium handling mechanism in the neonate is both
underdeveloped and inefficient [30�33]. The cytosolic cal-
cium concentration is primarily dependent on trans-sarcolem-
mal flux of calcium as T-tubules and sarcoplasmic reticulum
are scarce and intracellular calcium regulatory proteins are
functionally immature [30�33].

Adult myocardium is densely innervated by a plexus of sym-
pathetic nerves [34]. However, sympathetic innervation in neo-
natal myocardium is incomplete at birth and continues
postnatally [34].

Cardiac stores of norepinephrine, a reflection of sympathetic
innervation, is lowest in late-term fetuses but approaches adult
levels by 4 weeks of age [35]. This is despite no significant
quantitative difference between neonatal and adult b-adrener-
gic receptors on the myocardial cell surface [36,37]. Functional
uncoupling of b receptor-G protein-adenylate cyclase complex
in the newborn limits the effectiveness of catecholamine-mod-
ulated contractility in this age group [37].
rdiac Surgery Annual � Volume 22, Number C 3



CARDIOPULMONARY BYPASS IN PREMATURE AND LOW BIRTH WEIGHT NEONATES
Maturational changes in myocyte ultrastructure, calcium
handling, and sympathetic innervation contribute to improved
myocardial performance with age.

Neonatal Ventricular Performance
Ventricular performance improves with age. Circulatory

adaptation at birth is vital to meet the increased metabolic
demands of extrauterine life. An acute increase in heart rate,
pulmonary venous return, and contractile state contributes to
the postnatal enhancement in cardiac output. High-resting ino-
tropes limit contractile reserve in newborns and immature
hearts exhibit a blunted response to exogenous catecholamines
compared with mature hearts [38,39]. Rate-dependent mecha-
nisms to improve cardiac output are thus favored in neonates.

The immature heart has less recruitable preload reserve and
only demonstrates a modest Frank-Starling relationship com-
pared to the adult mature heart [40�42]. This limited response
to volume loading is partly due to the decreased compliance of
immature hearts. With age, maturational changes in cytoskele-
ton and extracellular matrix improve myocardial compliance
[43,44].

Volume or pressure loading of 1 ventricle can impact filling
of the contralateral ventricle to a greater extent in immature
hearts than in more mature ones [45]. This restrictive effect is
particularly evident in neonates who have endured an unfavor-
able postnatal transition and exhibit persistent fetal circulation.
The pressure-loaded right ventricle alters septal dynamics and
limits left ventricular filling and left ventricular stroke volume.

Increases in afterload profoundly diminish ventricular per-
formance in the fetus and neonate [27]. When exposed to simi-
lar afterloads, the immature myocyte shortens to a lesser extent
and more slowly than a mature myocyte. Developmental
changes in myocyte architecture permits the adult heart to
counteract afterload stressors more effectively [27].

Inherent limitations in cardiac mechanics of the premature
heart as described previously are exposed with congenital heart
defects. Neonates, particularly preterm neonates with severe
outflow tract obstructions are limited in their ability to increase
myocardial performance in the face of increased afterload.
Lesions with left-to-right shunts require an increase in left ven-
tricular output to maintain adequate systemic flow. Recruiting
the Frank-Starling mechanism and increasing inotropic state
accomplish much of the increased stroke work. Large shunts
may overwhelm the limited preload and contractile reserves of
the preterm heart.

Respiratory
Human lungs develop along 5 stages [46]. The terminal

units � alveolar ducts and alveolar sacs necessary for gas
exchange develop during the last 2 stages � saccular (24�36
weeks) and alveolar (36 weeks to early childhood) [46]. A
term infant has approximately 50 million alveoli. Secondary
septation of alveoli continues for several years beyond birth, to
acquire the approximately 300 million alveolar units seen in
adult lungs [46]. Lungs of premature babies are thus limited in
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their gas exchange functions and frequently require invasive or
noninvasive respiratory support.

Respiratory distress syndrome (RDS) is unique to preterm
infants. Underdeveloped lungs and deficient surfactant synthe-
sis, secretion and function contribute to the disease. Surfactant,
a unique mixture of phospholipids, neutral lipids, and pro-
teins, lowers alveolar surface tension [47,48]. Incidence of RDS
increases with decreasing gestational age with over 90% of
infants born less than 28 weeks of gestation manifesting the
disease [49,50]. Infants with RDS manifest symptoms of respi-
ratory distress soon after birth. Unless modified by therapy,
symptoms worsen over the first day or 2 before gradual
improvement occurs, reflecting an increase in endogenous sur-
factant production and secretion. Our approach is to institute
bubble nasal continuous positive airway pressure (nCPAP)
with 5 cm of water pressure using nasal prongs soon after birth
across all weight groups and gestational ages if signs of respira-
tory distress are present. Infants are allowed to breathe sponta-
neously, and threshold criteria for intubation and rescue
surfactant replacement therapy are followed. Surfactant is
reserved for infants who require mechanical ventilation,
require fraction of inspired oxygen greater than 0.6 to maintain
oxygen saturation above 90%, pCO2 of >60 mm Hg or arterial
pH less than 7.25. Threshold criteria for surfactant replace-
ment differ among institutions with many favoring conserva-
tive set points and early rescue surfactant therapy.

Chest wall structure and limited diaphragmatic apposition
introduces mechanical inefficiencies in ventilation in premature
infants. The neonatal lung and chest wall possess variable com-
pliances � the lungs are less compliant while the chest wall is
extremely compliant [51]. This uncoupling predisposes the chest
wall to deformational forces and much of the respiratory energy
is expended in counteracting these forces [51]. Compensatory
efforts with a higher resting respiratory rate are frequently over-
whelmed and respiratory support is often required for several
weeks after birth especially in extremely premature infants.

Renal
Nephrogenesis is completed at 35 weeks of gestation; how-

ever, structural and functional growth of the kidney continues
for several months after birth [52]. The biggest limitation in
renal function in the neonate is the rate of glomerular filtration,
which, in the first few days of life, is one-third that seen in
adults [53]. Tubular and medullary renal function limit the
maximal urine concentrating ability of the newborn infant to
half that of an adult [54]. The above functions are even more
limited in premature babies who are thus more vulnerable to
fluid overload or depletion than term born infants.

Temperature Regulation
Newborn infants, particularly those born prematurely are sus-

ceptible to hypothermia [55]. Their large surface area in relation
to body weight permits greater heat loss than in older children.
Neonates have only a modest ability to conserve heat in the pres-
ence of cold stressors [55,56]. Shivering thermogenesis is limited
y: Pediatric Cardiac Surgery Annual � Volume 22, Number C
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in the first few weeks to months of life. Nonshivering mecha-
nisms such as brown fat metabolism are recruited for heat pro-
duction in neonates, but this increases oxygen consumption
[55,56]. Therefore, neonates benefit from care in a thermoneutral
environment � the temperature at which normal core tempera-
ture is maintained with minimal energy expenditure.

Immune System
Neonatal skin and mucosa are ineffective barriers and thus they

are susceptible to infections. Immature cellular and humoral sys-
tems limit their ability to mount an effective immune response [57].
Particularly at risk are premature infants with long-standing
indwelling venous catheters.

Gastrointestinal
Premature infants are limited in their ability to digest and

absorb major and minor nutrients. Parenteral nutrition with
high dextrose and protein contents are required for several
weeks postnatally to mimic intrauterine growth rates. Necrotiz-
ing enterocolitis (NEC) is primarily a disease of premature
infants, complicating the clinical course of 7�11% of very low
birth weight infants (<1500 g) [49,58]. NEC occurs with
increasing frequency with decreasing gestational age [58,59].
Although ischemic necrosis of the gut is the ultimate result,
multiple factors influence the development of NEC in preterm
infants. Interaction of milk (formula) substrate in the intestinal
lumen, abnormal gut microbial colonization, and impaired
innate host immunity leads to excessive inflammatory response
and breach of a vulnerable intestinal epithelial barrier [58].

Presence of congenital heart disease substantially increases
the risk of NEC. The incidence of NEC in these patients is
approximately 3%; several-fold higher than the baseline risk of
0.3�3/1000 in live born infants [60]. Although all infants with
congenital heart disease are at risk for NEC, the risk is consid-
erably higher in patients with hypoplastic left heart syndrome,
truncus arteriosus or aortopulmonary window and in those
who are born prematurely or very low birth weight [60,61].

The benefits of early enteral feedings in preterm and term
infants have been well established and are well recognized.
Despite this, there is a lack of consensus on providing enteral
nutrition to infants with ductal-dependent circulations and a
wide variation in preoperative enteral feeding practices exists
[62]. Almost 50% of caregivers in the United States do not pro-
vide enteral feedings to infants receiving PGE-1 infusion
despite lack of convincing evidence that PGE-1 use increases
risk of NEC [60,62,63]. The incidence of preoperative NEC
was 0.3% in a large cohort of CHD infants who received PGE-
1 and was not influenced by enteral feeding [63].

Central Nervous System

Intraventricular Hemorrhage
Twenty to twenty-five percent of very low birth weight infants

develop intraventricular hemorrhage (IVH) [64]. Severe grades of
IVH are seen in 10�15% of very low birth weight infants [49].
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Survivors of severe IVH are at high risk of neurodevelopment
impairment including cerebral palsy and mental retardation [64].
IVH is graded from I to IV depending upon the severity of ven-
tricular bleeding and parenchymal extension [65]. Grade 1 IVH
is restricted to the germinal matrix and grade IV is associated
with parenchymal hemorrhagic infarction [65]. Grades III and IV
are considered severe IVH and portend worse neurologic out-
comes than grades I and II [64]. Pathogenesis of IVH is multifac-
torial and includes fragility of the germinal matrix and
fluctuations in cerebral blood flow, which causes rupture of the
germinal matrix [64]. As severe IVH has devastating consequen-
ces, prevention is key. Interventions that have proven efficacy in
reducing IVH include maternal corticosteroids, delivery at a
regional neonatal center, delayed cord clamping and indometha-
cin [64]. Although untested in trials, avoidance of events that
result in perturbation in cerebral blood flow could potentially
decrease risk of IVH [64].

Neurologic Injury and Impaired Brain Development in
Premature Infants

Twenty-five to fifty percent of very low birth weight infants
are at risk for subsequent development of cognitive, behavioral,
attention, and socialization deficits. The neurodevelopmental
sequelae are a consequence of brain injury causing a perturba-
tion in the active brain developmental processes that occur
between 24 and 40 weeks of gestation. Factors inherent in pre-
mature infants including limited cerebral autoregulatory func-
tion, susceptibility to infections and inflammatory processes,
in addition to sensitivity to oxidative cellular injury make them
more vulnerable to brain injury.

PREMATURE INFANTS AND CARDIOPULMONARY
BYPASS

The functional limitations of the premature baby must be rec-
ognized in the operating room. The damaging effects of cardiopul-
monary bypass including hemodilution, systemic inflammation,
and bleeding are more pronounced in premature neonates than in
term neonates, older children, and adults [66].

The total blood volume in term preterm neonates is approxi-
mately 80�90 ml/kg [67]. The priming volume of the extracor-
poreal circuit may be as high as 2 or 3 times the circulating
blood volume of the neonate. This disparity between the circulat-
ing blood volume and bypass circuit size results in marked
hemodilution causing anemia, hypoproteinemia, and a reduction
in coagulation factors unless priming solution and circuitry is
optimized for the preterm infant. Significant hypoproteinemia
can lead to greater transflux of fluid into the extracellular space
from the intravascular compartment.

Surgical trauma and extracorporeal circulation triggers an
exuberant systemic inflammatory response, the adverse effects
of which are more pronounced on the immature organ systems
of premature neonates [66,68]. Others and we employ several
strategies to counteract the damaging effects of cardiopulmo-
nary bypass on premature neonates [69]. Reducing the extra-
corporeal circuitry by deploying tubes of smaller length and
rdiac Surgery Annual � Volume 22, Number C 5



CARDIOPULMONARY BYPASS IN PREMATURE AND LOW BIRTH WEIGHT NEONATES
diameter and decreasing distance of circuit from surgical table
miniaturizes circuits. Such small circuits decrease the artificial
surface area of exposure and offer the additional advantage of
requiring a smaller priming volume. Other strategies include
maintenance of a higher oncotic pressure in the bypass circuit,
use of anti-inflammatory agents like corticosteroids, and
removal of inflammatory mediators by continuous or modified
ultrafiltration [69].

Exposure to cardiopulmonary bypass may result in surfac-
tant dysfunction although there is no evidence that surfactant
replacement offers any benefit [70�73]. Effects of hemodilu-
tion and inflammation are more pronounced in the preterm
neonate. Postoperative “capillary leak syndrome” is more likely
in this patient population.

IMPLICATIONS FOR POSTOPERATIVE CARE
The immature organ systems and the deleterious effects of

cardiopulmonary bypass have been described in previous para-
graphs. Cardiac surgery exposes the limited reserves of the pre-
mature neonate. Myocardial edema and ischemia-reperfusion
injury after cardiac surgery decreases ventricular performance.
Despite mounting a robust sympathoadrenal response during
surgery, the immature neonatal heart is limited in its ability to
augment ventricular performance [74,75]. Therefore, exoge-
nous infusions of inotropes are required to enhance contractile
state after separation from cardiopulmonary bypass. The ino-
tropic response with exogenous agents is lesser in preterm and
term neonates than in older children due to the high baseline
adrenergic state [39].

There are no clear advantages of 1 inotrope combination
over another and institutional choices determine practice.
Dopamine exerts its cardiovascular, renal, and hormonal
effects in a dose-dependent manner [76�78]. In older children
and adults, renal effects predominate at low doses. Moderate
doses (5�10 mcg/kg/min) stimulate cardiac adrenergic recep-
tors and increase cardiac output while doses higher than10
mcg/kg/min stimulate vascular a-adrenergic receptors and
increase systemic vascular resistance. Maturational differences
in the expression and sensitivity of a- and b-adrenergic recep-
tors in the neonate make the response to dopamine less pre-
dictable, particularly in the preterm neonate [76,79,80].
Therefore, a-adrenergic stimulation and increase in systemic
vascular resistance may become apparent at low doses
[76,79,80]. Metabolism and elimination of dopamine is a com-
plex process and wide interindividual variations in clearance
are noted [76,79�81]. Reduced dopamine clearances in pre-
mature neonates and patients with hepatic and/or renal failure
may make the cardiovascular response to conventional dosing
more difficult to predict [76,79,80]. Finally, dopamine exerts
its effects on the heart in part by releasing norepinephrine
from nerve terminals. Hence, it may be less effective when
myocardial norepinephrine stores are depleted or low as seen
in immature hearts [34,35].

Effects of epinephrine on b- and a-adrenergic receptors
make it a good choice for postcardiac surgery patients with
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diminished cardiac function and vascular tone. However, there
are limited data on cardiovascular effects of epinephrine in
neonates. Metabolic effects of epinephrine like hyperlactatemia
and hyperglycemia warrant cautious use [82]. Neonates are
more susceptible to myocardial damage and necrosis after pro-
longed high-dose infusions of epinephrine [83]. Milrinone has
several positive modulating effects on ventricular performance
[79,84,85]. Decreased milrinone clearance in the setting of
renal insufficiency may cause systemic hypotension. Premature
neonates are particularly vulnerable as they have a low baseline
glomerular filtration rate.

It is not uncommon for preterm neonates to develop cate-
cholamine-resistant hypotension after cardiac surgery [86].
Downregulation of adrenergic receptors and relative insuffi-
ciency or resistance to corticosteroid action are speculated
mechanisms for catecholamine resistance [86,87]. Hydrocorti-
sone administration in these cases induces a dramatic improve-
ment in hemodynamics through its genomic and nongenomic
effects [86,88�90]. Finally, exploiting the Frank-Starling rela-
tionship to improve stroke volume may be less effective in pre-
term neonates due to decreased myocardial compliance and
mismatch of afterload to contractile state [42].

Transcapillary fluid shifts, bleeding, and osmotic diuresis
can deplete circulating volume and decrease venous return.
Dynamic and static assessments of volume status and fluid
responsiveness are often employed in older children and adults
[91,92]. There are no perfect measures to assess intravascular
volume status in neonates. Single point measurements of right
atrial pressure are uninformative of volume status [93]. Despite
this, most intensivists use right atrial pressure or central venous
pressure to guide fluid therapy [94,95].

In the absence of bleeding, choice of replacement fluid for
correction of hypovolemia is not clear [96]. There are no con-
vincing data that 4�5% albumin secures sustained improve-
ment in hemodynamics compared to 0.9% saline either in
adults or in preterm neonates [96�99]. The postoperative
course is more often than not accompanied by transcapillary
fluid shifts [100]. Fluid shifts can be quite pronounced in pre-
term neonates if there is a concurrent leakage of albumin into
the interstitial space. Attempts to maintain intravascular vol-
ume by increasing circulating albumin levels in such a “leaky”
circulation may precipitate pulmonary edema particularly in
premature infants with lung disease [101]. Spontaneous fluid
mobilization from the extracellular space is accomplished by
encouraging lymph flow. Lymph flow increases with muscle
contraction and spontaneous breathing. It is our practice to
allow early resumption of spontaneous respiratory and physi-
cal activity and avoidance of muscle relaxation when possible
to improve mobilization of fluid.

Neonatal ventilator modes, that is pressure limited, time
cycled, are employed at our center in the postoperative period.
Transition to nCPAP maintains functional residual capacity,
decreases the work of breathing, and has the advantage of per-
mitting earlier extubation. In our institution, extubation to
“bubble” CPAP is favored compared to constant pressure
y: Pediatric Cardiac Surgery Annual � Volume 22, Number C
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ventilator-derived CPAP. Bubble-CPAP enhances gas exchange,
lung mechanics, gas mixing efficiency, and lung volume com-
pared with constant pressure CPAP [102,103]. Ventilator strat-
egies favorable to premature lungs and chest wall should be
employed. High peak inspiratory or high tidal volumes as
described previously are particularly injurious to immature
lungs and should be avoided. Positive end expiratory pressure
stabilizes the highly compliant chest wall and maintains func-
tional residual capacity. Oxygen should be used cautiously as
it can worsen retinopathy of prematurity and bronchopulmo-
nary dysplasia. Finally, maintenance of core temperature is cru-
cial, premature infants are prone to hypothermia due to their
thin skin and a relatively greater body surface area.

OPTIMAL TIMING OF SURGERY IN LBW AND
PREMATURE INFANTS

The optimal timing to perform surgery on this inherently
vulnerable population is unclear. Waiting for weight gain adds
risk associated with waiting including the effects of unrepaired
cardiovascular physiology on developing organs, infection,
and other complications. The most prudent strategy appears to
be to weigh the risk of pursuing an early vs delayed surgical
approach on each patient on a case by case basis.

RECOGNIZING THE INHERENT VULNERABILITIES OF
THE SYSTEM

Most newborn infants and children with congenital heart dis-
ease receive care in dedicated cardiac intensive care units or in
pediatric cardiac intensive care units. In general, practitioners in
these units are unfamiliar with the physiology and challenges of
the premature or low birth weight infants. Neonatologists who
have the most expertise with this patient population are unfortu-
nately excluded or are not engaged. A collaborative model where
the expertise of neonatologists is valued would be profoundly
beneficial to these patients and should be encouraged.

CONCLUSION
Developing organ systems in premature and low birth weight

infants exposes unique and inherent vulnerabilities. Extrinsic
stressors including cardiac surgery and cardiopulmonary bypass
can easily overwhelm the immature body. Understanding these
intrinsic deficiencies of premature infants is critical in the pre-
and postoperative management of these patients.
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