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Abstract
Objective—The occurrence of a seizure after the arterial switch operation is associated with a
worse long-term neurodevelopmental outcome. The significance of seizures after neonatal and
infant repair of other congenital heart defects is not known.

Methods—A recent study at our institution demonstrated seizures documented by 48-hour
electroencephalographic monitoring in 20 (11%) of 178 neonates and infants after surgery for
complex congenital heart defects, including hypoplastic left heart syndrome or variants. The
developmental outcomes of this cohort were evaluated at 1 year of age by using the Bayley Scales
of Infant Development II, which yields 2 scores: the Mental Developmental Index and the
Psychomotor Developmental Index.

Results—Developmental evaluations were performed in 114 (70%) of 164 survivors, including
36 with hypoplastic left heart syndrome. Postoperative electroencephalographic seizures had
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occurred in 15 (13%) of 114 of the entire group and in 8 (22%) of 36 of those with hypoplastic left
heart syndrome. For the entire cohort, the Mental Developmental Index was 92.3 ± 13.5, and the
Psychomotor Developmental Index was 79.9 ± 18.8 for patients without seizures, compared with
90.3 ± 10.7 and 74.4 ± 19.3 for those with seizures (both P > .5). For the hypoplastic left heart
syndrome subgroup, the Mental Developmental Index was 92.3 ± 14.9, and the Psychomotor
Developmental Index was 74.8 ± 19.3 for patients with seizures, compared with 91.9 ± 12.4 and
73.9 ± 18.3 for those without seizures (both P > .5). A frontal onset of seizures was predictive of a
lower score on the Psychomotor Developmental Index, but not on the Mental Developmental
Index.

Conclusions—The occurrence of a seizure after cardiac operation is a marker of central nervous
system injury. However, in this cohort of neonates and infants with complex congenital heart
defects, the occurrence of a seizure was not predictive of a worse developmental outcome at 1 year
of age as assessed by the Bayley Scales of Infant Development II.

The occurrence of a seizure in the early postoperative period after repair or palliation of
congenital heart defects (CHD) is a marker for a central nervous system (CNS) injury and
has been associated with adverse neurodevelopmental sequelae.1–3 The research standard
for detection and quantification of postoperative seizures remains continuous
electroencephalographic (EEG) monitoring. In the Boston Circulatory Arrest Study
conducted between 1988 and 1992, continuous EEG monitoring in the first 48 hours after
the arterial switch operation for transposition of the great arteries (TGA), with or without a
ventricular septal defect (VSD), demonstrated seizures in 27 (20%) of 136 neonates and
infants.1 Follow-up evaluation of the patients in the Circulatory Arrest Study demonstrated
that the occurrence of a postoperative EEG seizure was associated with a worse
neurodevelopmental outcome at 1 and 4 years of age.2,3 A recent study from our institution
demonstrated that the frequency of postoperative EEG seizures was less than reported in
previous studies.1,4,5 EEG seizures were identified in 11.2% of a heterogeneous cohort of
neonates and infants with complex CHDs, including hypoplastic left heart syndrome
(HLHS). An increasing duration of deep hypothermia and circulatory arrest (DHCA) was
identified as a predictor of seizures. However, the incidence of seizures in children with a
limited duration of DHCA was similar to that in infants who underwent continuous
cardiopulmonary bypass (CPB) alone. This study was undertaken to evaluate the effect of
postoperative EEG seizures on neurodevelopmental outcome at 1 year of age in this cohort.

Patients and Methods
Sample

A subgroup of children enrolled in a prospective study evaluating polymorphisms of
apolipoprotein E (APOE) as a risk factor for neurodevelopmental dysfunction also
underwent continuous video-EEG monitoring in the early postoperative period.6 Patients 6
months of age or younger who underwent CPB with or without DHCA for repair of CHD
were eligible. Exclusion criteria included (1) multiple congenital anomalies, (2) a
recognizable genetic or phenotypic syndrome other than chromosome 22q11 microdeletions,
and (3) a language other than English spoken in the home. 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
Operations were 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. DHCA was used at the surgeon’s discretion. Before DHCA,
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patients underwent core cooling with topical hypothermia of the head to a nasopharyngeal
temperature of 18°C. Modified ultrafiltration was performed in all patients.

Video-EEG Examination
Details of the video-EEG evaluation have been previously published.5,7 Video-EEGs were
recorded on 1 of 3 identical dedicated portable Telefactor Millenium Beehive machines
(Conshohocken, Pa), which capture time-synchronized video images and digital EEG data.
A brief 15-minute preoperative baseline study was recorded. Recording was reinitiated after
surgery immediately after admission to the cardiac intensive care unit. Video-EEGs were
recorded continuously for the first 48 hours after surgery. Studies were terminated only for
early death or at parental request. Each record was visually reviewed in its entirety every 24
hours by the recording EEG technologist and independently by a pediatric neurologist. The
number of seizures during the study period was recorded. In addition, the sites of origin of
the seizures were recorded and classified as frontal or nonfrontal. After confirmation of the
presence of seizures, the attending physician was informed of the occurrence of a seizure.
All treatment decisions, including the institution of antiepileptic drug therapy, were made at
the discretion of the attending physician.

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 DHCA time. Total DHCA time was calculated as the sum of the duration
of each episode of DHCA.

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 plus or minus 2
weeks. Children born before 37 weeks of gestation were seen at their corrected age. The
developmental assessment was performed first, followed by a medical history and physical
and neurologic examinations. The developmental assessment included the Bayley Scales of
Infant Development II, which yields scores on 2 indices: the Psychomotor Development
Index (PDI) and the Mental Developmental Index (MDI). The medical evaluation included
an interim health history and physical examination. The neurologic examination included
neuromuscular status, reflexes, and bulbar function. Growth measurements, including
weight, length, and head circumference, were obtained. Patients were also evaluated by a
genetic dysmorphologist. Chromosomal analysis and testing for microdeletions of
chromosome 22q11 were performed as indicated. Recognition of neonatal 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. Results were classified as no
definite genetic syndrome or chromosomal abnormality (normal), a definite genetic
syndrome or chromosomal abnormality (abnormal), or a suspected genetic syndrome or
abnormality (suspect).

Data Analysis and Statistical Methods
Patients were coded according to a previously described classification that incorporates
cardiac anatomy and perioperative physiology and that has been shown to be predictive of
perioperative mortality.8 Class I indicates 2 ventricles with no aortic arch obstruction, class
II indicates 2 ventricles with aortic arch obstruction, class III indicates a single ventricle
with no arch obstruction, and class IV indicates a single ventricle with arch obstruction.
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Patients with tetralogy of Fallot and TGA are class I, whereas patients with HLHS and
variants are class IV. Data are presented as median (range).

Tests for differences in the demographic characteristics of children who did return for their
1-year follow-up versus those who did not were conducted by using the Student t test for
qualitative predictors and χ2 or Fisher exact tests for qualitative predictors for the entire
cohort and for the subgroup of patients with HLHS or variants (class IV). The χ2 test was
used to test the effects of seizure status on neuromuscular outcome unless cell sizes were
less than 5 in a 2 × 2 table; then the Fisher exact test was used. To determine whether the
number of seizures was predictive of worse outcome, analysis of variance was used to
compare data for significant effects of number of seizures on MDI and PDI. The Student t
test was used to test the effects of seizure location (frontal vs nonfrontal) on MDI and PDI,
and the χ2 test or Fisher exact test was used for neuromuscular outcome. All tests were 2-
sided.

Results
Study Population

Between September 16, 2001, and April 2, 2003, 238 eligible infants underwent cardiac
operation. Of these, 209 (88%) enrolled in the study of APOE genotype. Continuous
postoperative EEG monitoring was performed in 183 (88%). All patients enrolled in the
APOE study were approached for enrollment in the EEG study. Reasons for not undergoing
EEG monitoring included parental refusal and unavailability of an EEG monitor.

Complete 48-hour EEG studies were obtained in 178 patients (97%). There were 5 hospital
deaths (5/178; 3%) and 9 additional deaths (9/173; 12%) before 1 year of age. Of the 164
patients alive at 1 year of age, 114 (70%) returned for evaluation. Characteristics of patients
who returned and those who were alive at 1 year and did not return are shown in Table 1.
The only significant difference between the 2 groups was that patients with seizures were
more likely to return for evaluation.

The study population included 7 patients with TGA, 16 patients with tetralogy of Fallot, 23
patients with VSD (with or without coarctation), 36 patients with HLHS or variants, 7
patients with other forms of functional single ventricle, and 25 patients with a variety of
other 2-ventricle cardiac defects. Postoperative seizures had been identified in 15 (13%) of
the 144 patients, including 8 (22%) of the 36 patients with HLHS or variants. Seizures had
not been identified in any of the patients with TGA or VSD and had been identified in only
1 of the patients with tetralogy of Fallot. Seizures had occurred in 2 of 7 patients with other
forms of functional single ventricle. The mean number of seizures in the 48-hour study
period was 79 ± 83, with a median of 52 and a range of 1 to 217. Frontal seizures occurred
in 10 (67%) of 15 patients. All patients were treated with phenobarbital after identification
of seizure activity. In addition, 3 patients received benzodiazepine therapy.

At the 1-year evaluation, the neuromuscular examination results were abnormal or suspect in
52 (46%) of 114 patients. Abnormal or suspect examination results occurred in 41 (41%) of
99 patients without seizures, compared with 11 (73%) of 15 patients with postoperative
seizures (P = .027). For the entire cohort, the MDI was 92.0 ± 13.1, and the PDI was 79.2 ±
18.9. For patients without seizures, the MDI was 92.3 ± 13.5, compared with 90.3 ± 10.7 for
patients with seizures (P > .5; Figure 1, A). Similarly, the PDI was 79.9 ± 18.8 for patients
without seizures, compared with 74.4 ± 19.3 for those with seizures (P > .5; Figure 1, B).
Within the subgroups of patients with HLHS or variants, the findings were similar. The MDI
was 92.3 ± 14.9, and the PDI was 74.8 ± 19.3 for patients without seizures, compared with
91.9 ± 12.4 and 73.9 ± 18.3, respectively, for those with seizures (both P > .5; Figure 2).
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The number of seizures was not predictive of either the MDI or the PDI. However, frontal-
onset seizures were predictive of a lower score on the MDI (P = .03), but not on the PDI (P
= .2), compared with non–frontal-onset seizures (Figure 3). The frontal onset of a seizure
was not associated with increased abnormalities on the neuromuscular examination (P > .4).

Discussion
The occurrence of a seizure in the postoperative period after a neonatal infant heart
operation is a marker of CNS injury.1–4 Recent studies at our institution and others have
shown that the incidence of seizures in the early postoperative period, as documented by
continuous video-EEG monitoring, is less than reported in previous eras.1,5,7 Previous
studies demonstrated that the occurrence of a postoperative seizure was a predictor of
subsequent abnormal neurodevelopmental development.2,3,9 In this study, evaluation of
children with complex CHDs at 1 year of age after neonatal and infant heart operations
suggested that the adverse effect of a postoperative seizure may be less than previously
reported. For the entire cohort, there was approximately a 2-point mean decrease in the MDI
and a 5-point mean decrease in the PDI, and these decreases were not statistically
significant. However, the occurrence of a seizure was associated with a significantly
increased incidence of abnormal or suspect neuromuscular examination results.

In the Boston Circulatory Arrest Study, postoperative EEG seizures occurred in 20% of the
patients. Evaluation of the cohort at 1 year of age showed that the occurrence of an EEG
seizure predicted a lower PDI score (with a mean decrease of 13 points).2,9 Although the
MDI scores of children with EEG seizures were lower than those of children without
seizures, the differences were not statistically significant. A longer total duration of seizures
and seizures with a frontal onset were associated with a trend toward a worse PDI score.2,9
Subsequent evaluation of this cohort at 4 years of age demonstrated that the occurrence of an
EEG seizure increased the risk of a lower IQ score and increased the risk of abnormalities
on neurologic examination.3 It is interesting to note that the occurrence of a postoperative
seizure was not associated with worse performance on tests of visual and spatial skills.10

There are important differences between this study and the Boston Circulatory Arrest Study.
The Boston Circulatory Arrest Study evaluated only patients with TGA with or without a
ventricular VSD. The current study enrolled children with a variety of complex CHDs,
including functional single ventricle and HLHS. Children in the Boston Circulatory Arrest
Study underwent operation between 1988 and 1992, whereas the children in this study
underwent operation between 2001 and 2003. In the interval between the studies, there have
been significant changes in prenatal diagnosis; preoperative management; intraoperative
management, including the management of bypass and deep hypothermic circulatory arrest;
and postoperative care. The Boston Circulatory Arrest Study was a prospective randomized
trial that evaluated techniques of CPB and neurodevelopmental outcomes. The current study
was subgroup of a prospective observational study that evaluated the effects of APOE
polymorphisms on neurodevelopmental outcome. In this study, bypass strategies were at the
discretion of the surgeon. It is important to note that investigators in the Boston Circulatory
Arrest Study were blinded to the outcomes of the video-EEG and that the children with EEG
seizures were not treated with antiepileptic medications (personal communication, Gil
Wernovsky, Children’s Hospital of Philadelphia, 2005 and Jane Newburger, Children’s
Hospital Boston, 2005). In the current study, because of the previous finding that the
occurrence of a seizure was a risk factor for worse outcome, the physicians caring for the
child were notified if video-EEG seizures were identified, and treatment was instituted at
their discretion. All of the children in this study in whom a seizure was identified received
antiepileptic medications, and this may have decreased the number of seizures and the
duration of seizure activity.
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The magnitude of the adverse effect of a postoperative seizure in this study was less than
that described in the Boston Circulatory Arrest Study. However, as in that study, frontal
seizures were associated with a worse outcome compared with nonfrontal seizures. Several
factors may have lessened the effect of seizures. Improvements in preoperative and
postoperative care may ameliorate the adverse effects of a seizure on the CNS. The patient
population in this study was heterogeneous and included patients with complex forms of
single ventricle. Many patients required more than 1 operation before 1 year of age. Factors
other than seizures may impair neurodevelopmental outcomes in these patients and
confound determination of the effects of a seizure. Finally, patients in this study were treated
with antiepileptic medications, which may terminate the seizures and lessen secondary CNS
injury.

The long-term neurodevelopmental sequelae of postoperative seizures are likely secondary
in large part to the underlying CNS injury provoking them. However, recent research in
pertinent newborn animal models demonstrates that recurrent seizures induced by
proconvulsant drugs that do not otherwise injure the brain may have long-term undesirable
effects on brain structure, learning, and susceptibility to spontaneous seizures.11–15

Similarly, in other animal models, neonatal seizures create long-term changes in the profile
of γ-aminobutyric acid A subunit composition, the brain’s principal inhibitory
neurotransmitter receptor site.16,17 In addition, phenobarbital administration may be
neuroprotective, apart from its antiseizure effects.18 Although the major force behind the
ultimate neurodevelopmental abnormalities after postoperative seizures may largely be their
underlying cause, the magnitude of the contribution of the seizures themselves to the final
extent of disability is not known in human neonates.

There are several limitations to this study. Although this cohort was one of the largest to
undergo postoperative EEG monitoring and subsequent neurodevelopmental evaluation, the
statistical power to discern differences in outcome was limited because of the small number
of patients in whom seizures occurred. One-year evaluation was performed in only 70% of
the cohort; however, all but 1 of the surviving seizure patients returned. The Bayley scales
provide an excellent assessment of status at 1 year, but their predictive value for
neurodevelopmental status at an older age is limited. Children who are at risk for a poor
long-term outcome may not be identified on testing at 1 year of age.19 More detailed testing
of this cohort at an older age may demonstrate differences between the groups. Finally, this
was not a treatment trial. Patients were treated with antiepileptic medication after
identification of a seizure, but treatment was not standardized, and there was no control
group. Therefore, it is not possible to determine conclusively whether treatment affected the
neurodevelopmental outcome.

The occurrence of a postoperative seizure is a marker of CNS injury. However, the
magnitude of the adverse effect of a seizure on subsequent neurodevelopmental outcome
may be less than previously reported.2,9 In this study, postoperative seizures were not
predictive of a worse outcome at 1 year of age as assessed by the Bayley Scales of Infant
Development. However, postoperative seizures were associated with an increase in
abnormal findings on the neuromuscular examination. Among the patients with seizures,
frontal onset of a seizure was associated with a worse outcome. Treatment with antiepileptic
medication may improve outcome; however, further studies are necessary. Evaluation at an
older age is needed, and the cohort is currently undergoing a detailed developmental
assessment at 4 years of age.
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Abbreviations and Acronyms

APOE apolipoprotein E

CHD congenital heart defect

CNS central nervous system

CPB cardiopulmonary bypass

DHCA deep hypothermia and circulatory arrest

EEG electroencephalogram

HLHS hypoplastic left heart syndrome

MDI Mental Developmental Index

PDI Psychomotor Development Index

TGA transposition of the great arteries

VSD ventricular septal defect
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Figure 1.
A, Box plot of MDI scores for all patients (n = 114), stratified by the occurrence of a
seizure. B, Box plot of PDI scores for all patients (n = 114), stratified by the occurrence of a
seizure. Within a box, the solid bar represents the median value, the upper boundary of the
closed box represents the 75th percentile, and the lower boundary represents the 25th
percentile. The vertical lines extend to the 10th and 90th percentiles, with outliers plotted as
circles.
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Figure 2.
A, Box plot of MDI scores for patients with HLHS or variants (n = 36), stratified by the
occurrence of a seizure. B, Box plot of PDI scores for patients with HLHS or variants (n =
36), stratified by the occurrence of a seizure.
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Figure 3.
A, Box plot of MDI scores for patients with seizures (n = 15), stratified by frontal or
nonfrontal onset of the seizure. B, Box plot of PDI scores for patients with seizures (n = 15),
stratified by frontal or nonfrontal onset of the seizure.
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TABLE 1

Characteristics of patients who returned and those who were alive at 1 year and did not return

Variable
Returned for 1-y evaluation (n =

114) Alive, but did not return (n = 50) P value

Sex

 Male 64 (56%) 32 (64%) .35

 Female 50 (44%) 18 (36%)

Gestational age (wk) 39 (29–41) 39 (28–41) .80

Birth weight (g) 3182 (956–4460) 2984 (1335–3955) .09

Apgar score at 5 min 9 (6–9) 9 (4–9) .28

Diagnostic class

 I 54 (47%) 26 (52)

 II 16 (14%) 5 (10%) .88

 III 8 (7%) 4 (8%)

 IV 36 (32%) 15 (30%)

Age at first operation (d) 8.5 (1–180) 9 (1–188)

Aged ≤30 d at first operation 67 (59%) 32 (64%) .26

Number of operations with CPB during first year 1 (1–4) 1 (1–3) .169

Number of episodes of DHCA during first year 76/114 (67%) 30/50 (60%)

 1 49 (64%) .10

 2 23 (30%) 14 (47%)

 3 4 (6%) 16 (53%)

Total support during first year (CPB + DHCA) (min) 78.5 (18–183) 80 (28–191) .491

Total DHCA during first year (min) 45.5 (1–97) 61.5 (23–134) .88

EEG seizures 15/114 (13%) 1/50 (2%) .02

CPB, Cardiopulmonary bypass; DHCA, deep hypothermia and circulatory arrest; EEG, electroencephalogram.
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