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Abstract
Objective—Many studies of neurodevelopmental outcomes after neonatal and infant cardiac
surgery have focused on potentially modifiable risk factors for adverse outcomes, primarily
intraoperative management strategies and the use of deep hypothermic circulatory arrest. There is
increasing evidence that patient-specific factors are more important determinants of outcome.

Methods—We investigated predictors of neurodevelopmental outcomes at 1 year of age after
neonatal and infant cardiac surgery in a subgroup of infants enrolled in a prospective study of
apolipoprotein E (APOE) genotype and neurodevelopmental outcome. Children with a variety of 2-
ventricle cardiac defects repaired with only 1 operation with cardiopulmonary bypass and no more
than 1 episode of deep hypothermic circulatory arrest were included. Neurodevelopmental outcomes
at 1 year of age included the Bayley Scales of Infant Development-II, which yield 2 indices, the
Mental Developmental Index and the Psychomotor Developmental Index.
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Results—Two hundred forty-seven infants underwent surgical repair between October 1998 and
April 2003 with 1 hospital death and 3 deaths before 1 year of age. Neurodevelopmental evaluation
was performed in 188 (77%) of 243 survivors, including 56 patients with tetralogy of Fallot, 39 with
transposition of the great arteries with intact ventricular septum, 34 with ventricular septal defects,
and 59 with other defects. The median age at operation was 56 days (1–186 days), including 72 (38%)
neonates. Confirmed or suspected genetic syndromes were present in 59 (31%) of 188 infants. Deep
hypothermic circulatory arrest was used in 67 (35%) infants with a median duration of 34 minutes
(1–80 minutes). For the entire cohort, the mean Mental Developmental Index was 90.6 ± 14.9 and
the mean Psychomotor Developmental Index was 81.6 ± 17.2. For patients without genetic
syndromes, the mean Mental Developmental Index was 93.7 ± 13.6 and the mean Psychomotor
Developmental Index was 85.1 ± 14.6. For the entire cohort, predictors of lower scores for both the
Mental Developmental Index and Psychomotor Developmental Index were presence of a confirmed
or suspected genetic syndrome, lower birth weight, and presence of the APOE ε2 allele (all P < .04).
Black race was associated with higher scores on the Psychomotor Developmental Index (P = .018).
Lower nasopharyngeal temperature during cardiopulmonary bypass was associated with a lower
score on the Psychomotor Developmental Index (P = .03) and was the only intraoperative factor that
was a significant predictor of either the Mental or Psychomotor Developmental Index.

Conclusions—The strongest predictors of a worse neurodevelopmental outcome at 1 year of age
were patient-specific factors including presence of a genetic syndrome, low birth weight, and
presence of the APOE ε2 allele. Patient-specific factors eclipsed the use and duration of deep
hypothermic circulatory arrest as predictors of worse neurodevelopmental outcomes.

There has been increasing recognition of adverse neurodevelopmental outcomes in some
survivors of neonatal and infant cardiac surgery. Many previous observational studies and
neuroprotective trials have focused on potentially modifiable risk factors, particularly
intraoperative management strategies. The findings of these studies have led many institutions
to alter their intraoperative management strategies, particularly avoidance of deep hypothermic
circulatory arrest (DHCA). However, review of these studies suggests that factors other than
intraoperative management strategies may be more important determinants of
neurodevelopmental outcomes for many children. The Boston Circulatory Arrest Study
(BCAS) provides the most comprehensive overview of neurodevelopmental outcomes after
infant cardiac surgery.1–4 In this study, infants undergoing the arterial switch procedure (1988–
1992) for transposition of the great arteries (TGA) with or without a ventricular septal defect
(VSD) were prospectively randomized to an operative support strategy of either primarily
DHCA or primarily continuous low-flow cardiopulmonary bypass (CPB). At 8 years of age,
neurodevelopmental status for the cohort as a whole was below expectations for many domains,
including academic achievement, fine motor function, and higher-order language skills,
regardless of use of DHCA or low-flow CPB.3 Longer postoperative length of stay in the
cardiac intensive care unit at the time of the initial operation was an independent risk factor
for lower IQ scores at 8 years.5 The lack of a treatment group effect for many outcomes and
the finding that prolonged length of stay was associated with a worse outcome at 8 years suggest
that factors other than intraoperative management strategies may be important determinants of
neurodevelopment outcome.3

The current study was undertaken to evaluate the relative contributions of a variety of patient-
specific factors (eg, gestational age, ethnicity, presence of a genetic syndrome), as well as
intraoperative management strategies, as predictors of neurodevelopmental outcomes at 1 year
of age after neonatal and infant cardiac surgery. The study uses a subgroup of infants enrolled
in a prospective study evaluating apolipoprotein E (APOE) genotype as a risk factor for adverse
neurodevelopmental outcomes after neonatal and infant cardiac surgery.6 To minimize the
potential confounding effects of chronic cyanosis and multiple operations, the current study
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evaluated children with a variety of 2-ventricle congenital heart defects (CHD) undergoing
complete repair with only one operation with CPB with or without DHCA.

Materials and Methods
Sample

This study constitutes a secondary analysis of a subgroup of patients enrolled in a prospective
trial assessing the effects of polymorphisms of the APOE gene on neurodevelopmental
outcomes in patients 6 months of age or less undergoing surgical repair for CHD.6 Patients 6
months of age or less undergoing CPB with or without DHCA for repair of CHD were eligible.
Exclusion criteria included (1) multiple congenital anomalies, (2) recognizable genetic or
phenotypic syndrome other than chromosome 22q11 microdeletions, and (3) language other
than English spoken in the home. The current study evaluated infants who underwent repair
of a variety of 2-ventricle cardiac defects with CPB with or without DHCA. Patients undergoing
more than one operation with CPB or more than one episode of DHCA were excluded. The
study was approved by the Institutional Review Board at The Children’s Hospital of
Philadelphia. Informed consent was obtained from the parent or guardian.

Operative Management
Surgery was performed by 5 cardiac surgeons with a dedicated team of cardiac
anesthesiologists. Alpha-stat blood gas management was used. Pump flow rates were not
standardized for this study. In general, during normothermic or mild hypothermic CPB
(nasopharyngeal [NP] temperature > 28°C), the pump flow rate was maintained at 100 to 150
mL · kg−1 · min−1 to achieve a mean arterial pressure of 30 to 55 mm Hg. When moderate
hypothermia (NP temperature 22°C–28°C) was used, the pump flow rate was maintained at
100 mL · kg−1 · min−1 with a target mean arterial pressure greater than 30 mm Hg. For deep
hypothermic continuous CPB (NP temperature < 22°C), a pump flow rate of 25 to 50 mL ·
kg−1 · min−1 was used. These were general guidelines that were modified according to the
clinical situation. DHCA was used at the surgeon’s discretion. Before DHCA, patients
underwent core cooling, with topical hypothermia of the head, to an NP temperature of 18°C.
Modified ultrafiltration was performed in all patients. Postoperatively, patients were managed
in the cardiac intensive care unit by a dedicated team of cardiologists and intensivists.

Data Collection
Preoperative factors including gestational age, birth head circumference, birth weight, Apgar
scores, and preoperative intubation were obtained from birth and hospital records. Weight, age
at operation, and type of operation were recorded along with perfusion data, including CPB
time, aortic crossclamp time, and duration of DHCA. Total support time was calculated as CPB
time plus DCHA time.

APOE Genotype Determination
Whole blood or a buccal swab was obtained before the operation and stored at 4°C. Genomic
DNA was prepared and used to determine APOE genotypes using a previously published
method.7

One-year Neurodevelopmental Examination
Children were scheduled for their 1-year follow-up visit as they approached 1 year of age. A
2-week window was established so that children were seen at 12 months ± 2 weeks. Children
born before 37 weeks of gestation were seen at their corrected age. The developmental
assessment was performed first, followed by medical history, physical, and neurologic
examinations. The developmental assessment included the Bayley Scales of Infant
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Development-II, which yields scores on two indices: the Psychomotor Development Index
(PDI) and the Mental Developmental Index (MDI). The medical evaluation included interim
health history and physical examination. The child’s ethnicity and the familial socioeconomic
status were assessed by parental report according to the Hollingshead scale.8 Ethnicity was
classified as Asian/Pacific Islander, black, Hispanic, American Indian, other, or white.
Neuromuscular examination included neuromuscular tone, symmetry, strength and skills,
reflexes, and bulbar function. Children were classified as “normal” or “abnormal/suspect.”
Growth measurements included weight, length, and head circumference. Patients were also
evaluated by a genetic dysmorphologist. Chromosomal analysis and testing for microdeletions
of chromosome 22q11 were performed as indicated. Neonatal recognition of dysmorphic
features may be difficult; therefore, some patients were enrolled in whom the diagnosis of a
genetic syndrome was not made until the 1-year evaluation. Patients were classified as having
no definite genetic syndrome or chromosomal abnormality (“normal”) or as having a definite
or suspected genetic syndrome or chromosomal abnormality (“abnormal/suspect”).

Data Analysis and Statistical Methods
Data are presented as either median (range) or mean ± standard deviation, as appropriate. All
predictors listed in Table 1 were tested by linear regression for univariate prediction of MDI,
PDI, and head circumference, and logistic regression for prediction of neuromuscular outcome
(0 = “normal,” 1 = “abnormal/suspect”). Estimates for logistic regression models are given as
log odds. Patients were classified according to their primary cardiac diagnosis. The most
common diagnoses were tetralogy of Fallot (TOF), TGA, and VSD. Patients with other defects
were coded as “other.” Subjects were grouped by APOE genotype into the ε2 group (ε2ε2 and
ε3ε2), the ε3 group (ε3ε3), and the ε4 group (ε3ε4 and ε4ε4). The ε2ε4 subjects were excluded
from the analyses because the ε2 and ε4 alleles are opposing in their effects in some conditions,
such as Alzheimer disease. Categorical variables were coded as dummy variables, with the
most common category as the reference group and the overall model P value used. For each
outcome, all predictors with a marginal P < .1 were considered in a separate forward stepwise
logistic regression to determine a model for prediction of that outcome. Stepwise model results
are given for predictors with P values < .05. Explained variance for all models was calculated
by adjusted r2 values. Use of DHCA was also considered separately from the quantitative
variable duration of DHCA. All analyses used SPSS 10.0 for Windows (SPSS, Inc, Chicago,
Ill) and the R statistical software environment.

Results
Study Population

Between October 1998 and April 2003, 675 eligible neonates and infants underwent cardiac
surgery and 550 (81%) enrolled in the APOE study. Of these 550 patients, 247 met the criteria
of 2-ventricle CHD repaired with only one operation with CPB and no more then one episode
of DHCA. There was 1 hospital death (0.4% mortality) with 3 additional deaths before 1 year
of age. One-hundred eighty-eight (77%) of the 243 eligible patients returned and completed
the 1-year evaluation. Fifty-five patients were alive at 1 year but did not return for evaluation.

Preoperative and intraoperative characteristics were compared for the 188 patients who
returned and the 55 patients who did not return (Table E1). There were no differences in gender,
ethnicity, APOE genotype, or cardiac diagnosis between the groups. All patients who were the
product of a multiple gestation returned for 1-year evaluation. There were differences in some
intraoperative variables between the two groups (Table E1). Patients who did not return were
older at the time of operation and had shorter CPB and total support times. Among the patients
undergoing continuous CPB, the lowest NP temperature was less than 25°C in 37% of the
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patients and less then 20°C in 19% of the patients. Use and duration of DHCA was not
significantly different between the two groups.

In the cohort of 188 patients who returned for 1-year evaluation, there were 85 female and 103
male patients. The median gestational age was 39 weeks (range, 28–42 weeks) and the median
birth weight was 3175 g (range, 739–5140 g). Thirty-one (16%) patients were less than 37
weeks’ gestational age. Birth weight was less than 2250 g in 18 (10%) patients. There were 4
patients of Asian/Pacific Island ethnicity, 23 black patients, 6 Hispanic patients, 136 white
patients, and 19 of other ethnic origin. TOF was present in 56 patients, TGA with intact
ventricular septum in 39 patients, VSD in 34, and a variety of other 2-ventricle cardiac defects
in the remaining 59 patients.

The median age at operation was 56 days (range, 1–186 days). Surgical intervention was
performed on 72 (38%) patients as neonates (age ≤ 30 days). The median weight at the time
of operation was 3.9 kg (range, 1.7–7.7 kg), and 8 (4%) patients were less than 2.25 kg at the
time of the operation. The median hematocrit after hemodilution on bypass was 27% (range,
17%–39%) and was less than 25% in 46 patients. DHCA was used in 67 (36%) patients (Figure
1). When DHCA was used, the median lowest NP temperature was 18°C (range, 15°C–28°C).
The median duration of cooling for patients undergoing DHCA was 15 minutes (range, 5–22
minutes). The median duration of DHCA was 34 minutes (range, 1–80 minutes). When DHCA
was not used, the median NP temperature was 26°C (range, 17°C–37° C). The median duration
of total support was 79 minutes (range, 24–242 minutes).

One-year Neurodevelopmental Evaluation
For the entire cohort (n = 188), the mean MDI was 90.6 ± 14.9 and the mean PDI was 81.6 ±
17.2. For patients without genetic syndromes (n = 129), the mean MDI was 93.7 ± 13.6 and
the mean PDI was 85.1 ± 14.6. In the general population, mean MDI and PDI scores are 100
with a normal distribution. In this cohort, the distributions of scores for both the MDI and PDI
are shifted leftward (Figure 2). The PDI is more severely affected than the MDI. The MDI was
70 or less (2 standard deviations below the mean) in 17 (9%) patients and the PDI was 70 or
less in 42 (22%) patients. Potential predictors of the MDI and PDI are listed in Table 1, as well
as their univariate statistical significance. Stepwise logistic regression for MDI identified a
model containing lower birth weight, presence of a confirmed or suspected genetic syndrome,
and presence of the APOE ε2 allele as significant predictors a lower MDI score (Table 2). For
the PDI, stepwise logistic regression identified a model containing lower birth weight, presence
of a confirmed or suspected genetic syndrome, the APOE ε2 allele, lower NP temperature, and
longer postoperative length of stay as significant predictors of a lower PDI score (Table 3).
Black race was associated with higher scores on the PDI. Lower birth weight, presence of a
genetic syndrome, and the APOE ε2 allele were predictors of lower scores for both the MDI
and PDI. The distribution of MDI and PDI scores for patients with one or more of these risk
factors compared with patients with no risk factor is shown in Figure E1. Patients with very
low scores on both the MDI and PDI are more common in the group with at least one risk
factor. Overall, patient-specific factors (gender, ethnicity, birth weight, birth head
circumference, Apgar score at 1 minute, Apgar score at 5 minutes, genetic syndrome, APOE
genotype) explained more of the variability in the MDI (13.0% vs 5.3%) and the PDI (20.7%
vs 7.6%) than did intraoperative factors (weight at surgery, cooling time, DHCA time, CPB
time, lowest NP temperature, hematocrit). Inclusion of other variables did not improve the
predictive accuracy of the models for either MDI or PDI. The final, and best, models (Tables
2 and 3) for both MDI and PDI accounted for less than 30% of the variance in the scores,
suggesting that unrecognized factors are important determinants of outcome.

Results of the neuromuscular examination were abnormal or suspect in 48 (26%) patients. The
most common abnormality on neuromuscular examination was hypotonia. Potential predictors
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of the neuromuscular examination are listed in Table 1, as well as their univariate statistical
significance. Stepwise logistic regression identified a model containing lower birth weight,
lower Apgar score at 1 minute, presence of a confirmed or suspected genetic syndrome, and
longer postoperative length of stay as significant predictors of an abnormal or suspect
neuromuscular examination (Table 4). Black race and other race were significantly associated
with better performance on the neuromuscular examination.

Head circumference at 1 year was also assessed as a surrogate for brain growth. The median
head circumference was 45.5 cm (range, 40.3–50.0 cm). Microcephaly (head circumference
percentile ≤ 5%) was present in 44 (23%) of 188 patients. Potential predictors of the head
circumference at 1 year are listed in Table 1, as well as their univariate statistical significance.
Stepwise logistic regression identified a model containing male gender, head circumference at
birth, higher Apgar scores at 5 minutes, and higher lowest NP temperature as significant
predictors of larger head circumference at 1 year of age (Table 5). Vaginal delivery was
associated with a smaller head circumference at 1 year.

Discussion
The current study demonstrates that patient-specific factors such as birth weight, ethnicity, and
the presence of a genetic syndrome are important determinants of neurodevelopmental outcome
after neonatal and infant cardiac surgery. These patient-specific factors explain considerably
more of the variability in outcomes at 1 year of age than do intraoperative management
strategies, such as the use and duration of DHCA and hematocrit during CPB. In particular,
neither the use nor the duration of DHCA was associated with a worse outcome at 1 year of
age. However, the median duration of DHCA in the current study was 34 minutes (Figure 1).

Overall scores for both the MDI and the PDI are lower than population norms. Consistent with
previous studies, motor skills as assessed by the PDI and the neuromuscular examination are
more significantly impaired after infant cardiac surgery than is cognitive function assessed by
the MDI.9–11 Interestingly, black infants performed better on both the PDI and neuromuscular
examination than did infants of other ethnic groups. This finding is consistent with previous
studies demonstrating that, among the general population, scores for black infants on the PDI
at 1 year of age tend to be higher than those for other ethnic groups.12,13 It is worrisome that
microcephaly, suggesting impairment of brain growth, was identified in more than 20% of the
cohort at 1 year of age.

Many studies of neurodevelopmental outcome after cardiac surgery have focused on
intraoperative management strategies.4,9–11 This focus is understandable inasmuch as these
strategies can be modified and thus there is an opportunity to potentially improve outcomes.
On the basis of these studies, many surgeons have modified their intraoperative support
techniques. However, review of these studies suggests that the benefit of changing
intraoperative support techniques may be less than hoped. Indeed, the findings of previous
studies, as well as the current study, are consistent with the hypothesis that factors (recognized
and unrecognized) other than intraoperative management strategies are more important
determinants of outcome and explain more of the variability in outcomes.

The neurologic status of children with CHD is often abnormal at birth, before surgical
intervention.4,14,15 There is increasing evidence that in utero central nervous system
development is often abnormal in children with CHD.16 Microcephaly and congenital central
nervous system malformations are common. Recent studies from our institution have
demonstrated that cerebral blood flow is very low in some neonates with uncorrected CHD,
often with evidence of cerebral ischemia and preoperative white matter injury characterized
by periventricular leukomalacia.17,18 Newborn infants with CHD are also exposed to the
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potential risks of hypoxia, acidosis, and hypotension. Low birth weight is an important
predictor of worse outcome. Many factors may contribute to low birth weight, including
prematurity, associated genetic syndromes, placental insufficiency, and intrauterine growth
restriction, all of which may increase the risk of neurodevelopmental delay.

In addition, genetic factors are a major determinant of neurologic outcome in children with
CHD. Many defects are part of well-described syndromes with associated developmental
dysfunction, independent of the cardiac defect or cardiac surgery. APOE is an important
regulator of cholesterol metabolism.6,7 APOE-containing lipoproteins are the primary lipid
transport vehicles in the central nervous system. There is increasing evidence that APOE is
important for neuronal repair. There are three common isoforms of APOE (E2, E3, and E4),
which are encoded by three alleles (ε2, ε3, and ε4, respectively) and vary by single amino acid
substitutions. A strong association has been validated between the APOE ε4 allele and
Alzheimer disease. APOE genotype has been shown to have an important role as a determinant
of neurologic recovery after central nervous system ischemia, intracerebral hemorrhage, and
traumatic brain injury. There is evidence of an association of APOE genotype with
neurocognitive decline after cardiac surgery in adults and children.6,7 The finding that the
APOE ε2 allele is associated with a worse outcome is consistent with the hypothesis that genetic
variants that do not cause CHD may alter the response to environmental factors and thus
increase susceptibility to neurologic injury.

Well-designed trials assessing the impact of changes in intraoperative management strategies
have often provided conflicting data. In the BCAS, assignment to DHCA was associated with
an increased incidence of seizures in the early postoperative period.4 Evaluation at 1 year of
age demonstrated that the children assigned to DHCA had lower PDI scores.1 At 4 years of
age, assignment to DHCA was associated with impaired gross and fine motor skills, as well
as speech apraxia.2 However, cognitive function assessed by full scale, verbal, and performance
IQ was significantly lower for the entire cohort compared with the general population, and
there was no treatment group effect. Social class predicted a larger percentage of the variation
in IQ (24%) than did treatment group (DHCA vs low-flow CPB) assignment (3%). Similarly,
at the 8-year evaluation, performance of the cohort for many neurodevelopmental domains was
worse than population norms, with no effect of treatment group assignment.3 However, there
were treatment group–specific effects. Motor and speech skills were lower in patients assigned
to DHCA, whereas the low-flow bypass group demonstrated worse scores for impulsivity and
behavior. As at the 4-year evaluation, social class (23.7%) and VSD status (3.2%) explained
more of the variance in IQ than did treatment group (DHCA vs low-flow CPB) assignment
(0.3%). Treatment assignment resulted in different neurologic morbidities, rather than reducing
their frequency or severity.

As part of a subsequent, prospective, randomized study investigating blood gas management
strategies (alpha-stat vs pH-stat) during CPB, investigators at Boston Children’s Hospital
evaluated neurodevelopmental outcomes at 1 year age.10 The investigators concluded that
neither strategy was consistently associated with improved or impaired outcomes. PDI scores
did not differ between treatment groups. Interestingly, the effect of the blood gas management
strategy on MDI scores varied between subgroups on the basis of the cardiac diagnosis. Patients
with TGA and TOF tended to have higher MDI scores when randomized to a pH-stat strategy,
but the differences were not significant. In the VSD subgroup, patients assigned to an alpha-
stat strategy had significantly higher MDI scores than did those assigned to a pH-stat strategy.
This variation suggests that the interaction of patient-specific factors (diagnosis) and
intraoperative management strategies may modulate outcomes.

A subsequent study evaluated hemodilution during CPB as a potential risk factor for worse
neurodevelopmental outcome.11 Infants were randomly assigned to a target hematocrit value
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of 20% or 30%. At 1 year of age, MDI scores were similar between groups. Significant
predictors of MDI score were gender, birth weight, and social class. Assignment to the lower
hematocrit group was the strongest single predictor of lower PDI scores and accounted for
6.3% of the variance in PDI scores. However, other patient-specific factors were also
independent predictors of PDI scores, including preoperative endotracheal intubation, birth
weight, and social class. No other intraoperative management variable, including use and
duration of DHCA, was predictive of a worse outcome. Thus, as in the current study, patient-
specific factors were important determinants of neurodevelopmental outcomes.

In the current study, as in the BCAS, longer postoperative length of stay was an independent
predictor of worse neurodevelopmental outcome.5 There is increasing evidence that
postoperative events result in central nervous system injury. In a previous study, we evaluated
the incidence of periventricular leukomalacia early after neonatal and infant cardiac surgery.
Periventricular leukomalacia was identified by early postoperative brain magnetic resonance
imaging in more than 50% of neonates compared with 4% in patients older than 30 days at the
time of surgery.19 Hypoxemia and hypotension in the first 48 hours after surgery were
associated with an increased occurrence of periventricular leukomalacia. Longer total support
time was associated with increased occurrence of periventricular leukomalacia, but not use or
duration of DHCA.

Limitations
This study is a single-center, secondary analysis of a subgroup of an observational study
evaluating APOE genotype as a risk factor for worse neurodevelopmental outcomes after infant
cardiac surgery. It was not designed as a treatment trial and may be underpowered to determine
differences in outcome resulting from changes in intraoperative management strategies, such
as hematocrit and DHCA. The patient population is heterogeneous and includes patients with
many characteristics, such as genetic anomalies, which may confound attempts to elucidate
the impact of intraoperative management strategies. The study group was limited to 2-ventricle
CHD repaired in one operation, intending to minimize the effects of chronic cyanosis and
multiple operations. Many previous studies have attempted to further minimize confounders
by limiting eligibility to a few cardiac defects and excluding low birth weight patients and
those with significant extracardiac anomalies. Although this approach may enhance the ability
to assess the impact of changes in management, it also significantly limits the generalizability
of the findings to the larger population of infants with CHD. The current study is more diverse,
in terms of gender, ethnicity, and cardiac diagnosis, than some previous studies. However,
because of the exclusion of children with some forms of complex CHD (single ventricle) and
those undergoing multiple operations, the results of the current study also may not be
generalizable to the larger population of patients with CHD. In addition, the intraoperative
management strategies were not standardized. Finally, the predictive value of
neurodevelopmental testing at 1 year is limited.20 The full extent of an early injury often is not
completely recognized until long after the event, when complex cognitive and higher executive
skills are required. The larger APOE cohort is currently undergoing detailed
neurodevelopmental assessment at 4 years of age.

Conclusions
In this large, heterogeneous cohort of patients undergoing repair of 2-ventricle CHD, patient-
specific factors are important determinants of neurodevelopmental outcomes at 1 year of age
and contribute more substantially to the risk of adverse neurodevelopmental outcomes than do
intraoperative management strategies. Consistent with previous studies, intraoperative
management strategies explain only a small portion of the variability in outcomes. Previously
described risk factors (both patient-specific and intraoperative variables) explain only part
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(<30%) of the variability in neurodevelopmental outcomes, suggesting that unrecognized
factors are important determinants of outcome. Genetic factors are a major determinant of
neurologic outcome in children with CHD. Future studies of neurologic outcome and
neuroprotective strategies must include risk-stratification for genetic and other patient factors
that may alter the risk of central nervous system injury and adverse neurologic outcomes. These
factors may be more important determinants of outcome than are intraoperative management
strategies. To improve neurodevelopmental outcomes for children with CHD, we must identify
and understand the biologic pathways underlying interindividual variation in outcomes and
develop individualized, targeted therapeutic strategies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations and Acronyms

APOE apolipoprotein E

BCAS Boston Circulatory Arrest Study

CHD congenital heart defect

CPB cardiopulmonary bypass

DHCA deep hypothermic circulatory arrest

MDI Mental Developmental Index

NP nasopharyngeal

PDI Psychomotor Developmental Index

TGA transposition of the great arteries

TOF tetralogy of Fallot

VSD ventricular septal defect
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Figure 1.
Bar graph showing use and duration of DHCA. The x-axis is DHCA duration in 10-minute
increments. The y-axis is number of patients. DHCA, deep hypothermic circulatory arrest.
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Figure 2.
Bar graph showing distribution of MDI and PDI scores. The x-axis is MDI/PDI score in 10-
point increments. The y-axis is number of patients. In the general population, MDI and PDI
scores are normally distributed with a mean of 100 and a standard deviation of 15. In this
cohort, the distribution is shifted to the left, indicating worse performance. The PDI is more
severely affected than the MDI. MDI, Mental Developmental Index; PDI, Psychomotor
Developmental Index.
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TABLE 2

Predictors of MDI (n = 188)

Estimate SE t Pr(>|t|)

(Intercept) 79.9084 5.4236 14.733 .0000

Birth weight 0.0051 0.0016 3.212 .0016

Presence of confirmed or suspected genetic syndrome −6.0820 2.2634 −2.687 .0079

APOE ε2 −6.9136 3.1758 −2.177 .0309

MDI, Mental Developmental Index; SE, standard error; APOE, apolipoprotein E
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TABLE 3

Predictors of PDI (n = 188)

Estimate SE t Pr(>|t|)

(Intercept) 51.1613 9.0248 5.6690 .0000

Birth weight 0.0042 0.0018 2.3960 .0177

Black race 11.6915 3.6481 3.2050 .0016

Presence of confirmed or suspected genetic syndrome −8.0508 2.5063 −3.2120 .0016

APOE ε2 −8.9199 3.5954 −2.4810 .0141

Lowest NP temperature 0.4802 0.2189 2.1930 .0297

Postoperative LOS −0.2521 0.1062 −2.3730 .0188

PDI, Psychomotor Developmental Index; SE, standard error; APOE, apolipoprotein E; NP, nasopharyngeal; LOS, length of stay.
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TABLE 4

Predictors of abnormal or suspect neuromusculmination (n = 188)

Estimate SE t Pr(>|t|)

(Intercept) 5.5013 1.9466 2.8260 .0047

Birth weight −0.0011 0.0004 −3.0120 .0026

APGAR at 1 min −0.3123 0.1177 −2.6520 .0080

Black race −3.3821 1.3561 −2.4940 .0126

Other race −1.8728 0.9440 −1.9840 .0473

Presence of confirmed or suspected genetic syndrome 1.5055 0.4419 3.4070 .007

Postoperative LOS 0.0772 0.0353 2.1880 .0287

SE, Standard error; LOS, length of stay.
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TABLE 5

Predictors of head circumference (n = 188)

Estimate SE t Pr(>|t|)

(Intercept) 29.1072 1.8581 15.6650 .0000

Male gender 1.0262 0.2056 4.9910 .0000

Vaginal delivery −0.6738 0.2201 −3.0610 .0026

Birth head circumference 0.3560 0.0465 7.6550 .0000

APGAR at 5 min 0.2300 0.1149 2.0020 .0468

Lowest NP temperature 0.0772 0.0353 2.1880 .0287

SE, Standard error; NP, nasopharyngeal.
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