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Abstract
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Objectives—The American Clinical Neurophysiology Society recommends continuous
electroencephalographic monitoring after neonatal cardiac surgery because seizures are common,
often subclinical, and associated with worse neurocognitive outcomes. We performed a quality
improvement project to monitor for postoperative seizures in neonates with congenital heart
disease after surgery with cardiopulmonary bypass.
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Methods—We implemented routine continuous electroencephalographic monitoring and
reviewed the results for an 18-month period. Clinical data were collected by chart review, and
continuous electroencephalographic tracings were interpreted using standardized American
Clinical Neurophysiology Society terminology. Electrographic seizures were classified as
electroencephalogram-only or electroclinical seizures. Multiple logistic regression was used to
assess associations between seizures and potential clinical and electroencephalogram predictors.
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Results—A total of 161 of 172 eligible neonates (94%) underwent continuous
electroencephalographic monitoring. Electrographic seizures occurred in 13 neonates (8%)
beginning at a median of 20 hours after return to the intensive care unit after surgery. Neonates
with all types of congenital heart disease had seizures. Seizures were electroencephalogram only
in 11 neonates (85%). Status epilepticus occurred in 8 neonates (62%). In separate multivariate
models, delayed sternal closure or longer deep hypothermic circulatory arrest duration was
associated with an increased risk for seizures. Mortality was higher among neonates with than
without seizures (38% vs 3%, P<.001).
Conclusions—Continuous electroencephalographic monitoring identified seizures in 8%of
neonates after cardiac surgery with cardiopulmonary bypass. The majority of seizures had no
clinical correlate and would not have been otherwise identified. Seizure occurrence is a marker of
greater illness severity and increased mortality. Further study is needed to determinewhether
seizure identification and management lead to improved outcomes.

Graphical Abstract

Author Manuscript
Neonate on continuous EEG monitoring after surgery.
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Neonates undergoing cardiac surgery for repair of congenital heart disease (CHD) are at risk
for seizures in the postoperative period.1 Clinically evident seizures have been reported in
5% to 20% of neonates during the postoperative period.2,3 Studies using continuous
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electroencephalographic (CEEG) monitoring have reported that electroencephalogram
(EEG)-only seizures (also termed “nonconvulsive seizures”) may be more common,
occurring in 5% to 26% of neonates.3–9 Postoperative seizures are associated with worse
neurodevelopmental outcomes, abnormal neurologic examination results, and abnormal
neuroimaging study results.10–14 On the basis of these data, the American Clinical
Neurophysiology Society’s (ACNS) guideline on neonatal EEG monitoring recommends
consideration of CEEG monitoring after neonatal cardiac surgery.15 We implemented this
recommendation and performed a single-center quality-improvement project to monitor for
postoperative EEG seizures in a contemporary cohort of neonates with CHD after cardiac
surgery with cardiopulmonary bypass (CBP). We aimed to determine the incidence of
postoperative EEG seizures and to identify risk factors for seizures.

MATERIALS AND METHODS
Author Manuscript

Patient Population
By using a clinical pathway in which CEEG was recommended for all neonates (≤30 days of
age, corrected gestational age ≤44 weeks) after cardiac surgery with CBP, we implemented
the ACNS clinical recommendation on June 15, 2012, and reviewed the results for the period
ending on December 31, 2013. If a patient underwent multiple surgeries during the neonatal
period, only the index surgery was included. The Institutional Review Board of the
Children’s Hospital of Philadelphia approved review of the Quality Improvement project.
Surgical Strategy

Author Manuscript

Operations were performed by 4 cardiac surgeons using a pH-stat blood gas management
strategy. Deep hypothermic circulatory arrest (DHCA) was used at the discretion of the
surgeon after induction of hypothermia to 18°C. Modified ultrafiltration was performed on
all patients. Delayed sternal closure was not routinely used.
Electroencephalogram Monitoring

Author Manuscript

CEEG was performed by the encephalography service and initiated within 6 hours of
returning to the cardiac intensive care unit (CICU) after surgery. The encephalography
service includes acquisition and review software, network infrastructure, licensed EEG
technologists, and expert encephalographers. CEEG was performed using a Grass-Telefactor
video-EEG system (Grass Technologies, West Warwick, RI) with a portable acquisition
machine networked to the main EEG server, allowing EEG review at the bedside, from
multiple sites in the hospital, and remotely. EEG technologists were present in the hospital
24 hours per day and 7 days per week. CEEG was performed with 12 gold-over-silver scalp
electrodes affixed according to the international 10–20 system (modified for neonates), with
collodion adhesive (or paste for neonates on extracorporeal membrane oxygenation
[ECMO]). Abnormal movements or vital sign fluctuations noted by the clinical team were
marked on the recording as push-button events. If an electrographic seizure was identified,
the CICU team was alerted by the EEG technologist or encephalographer, and neurologic
consultation was obtained. CEEG was continued for 48 hours if no seizures occurred. If
seizures were identified, CEEG was continued until 24 hours after the end of the last seizure.
The initial antiseizure medications administered were phenobarbital or levetiracetam at the
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discretion of the on-call neurologist and cardiac inten-sivist. Phenobarbital (20 mg/kg bolus)
was administered as a first-line agent in the majority of patients. For patients in whom there
were concerns for hemodynamic instability, clinicians sometimes used phenobarbital in
divided doses (5 mg/kg × 4 doses over 1 hour) or levetiracetam (20 mg/kg bolus). Patients
with seizures usually underwent clinically indicated magnetic resonance imaging (MRI) of
the brain or head ultrasound.
Data Collection

Author Manuscript

Clinical data were obtained from the medical record, including anesthesia and perfusion
records. Patients were categorized according to a classification that incorporates cardiac
anatomy and perioperative physiology, which has been shown to predict perioperative
mortality. Class I is 2 ventricles with no aortic arch obstruction, class II is 2 ventricles with
aortic arch obstruction, class III is a single ventricle with no aortic arch obstruction, and
class IV is a single ventricle with aortic arch obstruction.16

Author Manuscript

For purposes of this review, EEG tracings were reinterpreted by a single encephalographer
(NSA), blinded to clinical information (except conceptional age), using standardized ACNS
neonatal EEG terminology.17 EEG seizures were defined as abnormal, paroxysmal EEG
events that were different from the background, lasted more than 10 seconds (or less if
associated with a clinical seizure), had a plausible electrographic field, and evolved in
frequency, voltage, morphology, and often spatial distribution. EEG seizures were classified
as electrographic status epilepticus if any single seizure lasted more than 30 minutes or if
recurrent seizures together lasted for more than 30 minutes in any 1-hour epoch (50%seizure
burden). EEG seizures were classified as EEG-only seizures (no clinical signs observed by
bedside caregivers or on video review) or electroclinical seizures. All available
neuroimaging studies were reviewed by a neurologist (DJL) to examine associations
between neuroimaging abnormalities and seizure localization.
Data were collected and managed using Research Electronic Data Capture (REDCap), a
web-based electronic data application hosted at the Children’s Hospital of Philadelphia
Research Institute.18
Statistical Analysis
Summary statistics are reported as medians and interquartile ranges (IQRs) for continuous
data and counts and proportions for categoric data. The association of each clinical and
interictal EEG variable with seizures was examined using the chi-square test for categoric
variables and Wilcoxon’s rank-sum test for continuous variables.
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Multiple logistic regression was used for association of seizures with clinical and interictal
EEG variables. To avoid collinearity, correlation between predictors was examined by using
Pearson correlation coefficients for continuous predictors, and association between
continuous and categoric predictors was examined by 2-sample test or analysis of variance.
Variables associated with seizures with a P value less than .2 on univariable analysis were
included in multivariable analyses. An initial model used only clinical data, whereas a
subsequent model also used data obtained from the initial hour of CEEG. All statistics were
performed with Stata 10.0 (StataCorp LP, College Station, Tex).
J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2016 July 07.

Naim et al.

Page 5

Author Manuscript

RESULTS
Demographics and Surgical Details
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During the 18-month study period, 172 neonates with CHD underwent cardiac surgery with
CPB. Postoperative CEEG was obtained in 161 of 172 eligible neonates (94%). The reasons
for not undergoing CEEG included unavailability of EEG machine in 1 neonate, CICU team
not ordering CEEG (mainly in the initial phase of implementation) in 5 neonates, death in
the operating room in 1 neonate, and CICU team deciding not to monitor in 2 neonates (cutis
aplasia in 1 and decision that monitoring was not warranted in 1). Pathway adherence
improved over time. For the initial period of monitoring June 15 to December 31, 2012, 48
of 55 neonates (87%) who underwent surgery with CPB were monitored. For the middle
period from January 1 to June 30, 2013, 54 of 56 neonates (96%) were monitored. For the
later period of monitoring from July 1 to December 31, 2013, 57 of 59 neonates (97%) were
monitored.
Of the 161 neonates who underwent CEEG, 92 (57%) were male. The median gestational
age was 39 weeks (IQR, 38–39), and 26 neonates (16%) were premature (<37 weeks
gestational age). The median head circumference at birth was 34 cm (IQR, 32–35). Genetic
defects were identified in 21 neonates (13%). The median age at surgery was 5 days (IQR,
3–7). Five neonates had 2 operations with CPB during the neonatal period, and 1 neonate
had 3 operations with CPB during the neonatal period. Both were monitored after each
surgery.

Author Manuscript

The cardiac defects were class I in 68 neonates (42%), class II in 35 neonates (22%), class
III in 15 neonates (9%), and class IV in 43 neonates (27%). The 5 most common operations
were the stage I Norwood operation in 43 neonates (27%), the arterial switch operation in 25
neonates (16%), the systemic to pulmonary artery shunt in 17 neonates (11%), complete
repair of tetralogy of Fallot in 14 neonates (9%), and truncus arteriosus repair in 12 neonates
(8%). The median duration of CPB was 46 minutes (IQR, 38–62). DHCA was used in 96
neonates (60%), with a median duration of 41 minutes (IQR, 32–50). Twenty-six neonates
(16%) had delayed sternal closure. Eleven neonates (7%) required ECMO (2 were placed on
ECMO in the operating room before initiation of CEEG, 8 were placed on ECMO during
CEEG, and 1 was placed on ECMO while CEEG had been temporarily discontinued during
a diagnostic cardiac catheterization). Fifteen neonates (9%) had a cardiac arrest (2 in the
operating room before initiation of CEEG, 1 in the CICU before initiation of CEEG, and 12
in the CICU during CEEG). Table 1 summarizes the demographic and clinical
characteristics.

Author Manuscript

Nonseizure Events
Bedside clinicians identified events concerning for clinically evident seizures in 32 neonates
(push-button events). None of these events had an EEG correlate, and they were deemed
nonepileptic. Push-button events included episodes of abnormal body movement in 14
neonates, hypertension in 7 neonates, tachycardia in 6 neonates, abnormal face movement in
6 neonates, desaturation in 5 neonates, slow respiratory rate in 2 neonates, bradycardia in 1
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neonate, and hypotension in 1 neonate. Events occurred during the initial 12 hours in 22
neonates, later than 12 hours in 10 neonates, and during both time periods in 2 neonates.
Seizures and Electroencephalogram Characteristics
EEG seizures occurred in 13 of 161 neonates (8%). The proportion with seizures has not
changed since our previous report4 (14% previously vs 8% currently, P = .10). The median
seizure onset was 20 hours (IQR, 15–34) after return to the CICU postoperatively. EEG
seizures were EEG only in 11 neonates (85%) and electroclinical in 2 neonates (15%).
Electrographic status epilepticus occurred in 8 neonates (62%). Seizures were spatially
diffuse in 2 neonates (15%), lateralized in 2 neonates (15%), and focal in 9 neonates (69%).
Seizure characteristics are provided in Table 2. The encephalographer performing
reinterpretation blinded to clinical information (except conceptional age) was consistent with
initial clinical interpretation for seizure occurrence in all patients.
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Univariable and multivariable analyses using clinical variables for seizure prediction are
shown in Table 3. On univariable analysis, seizures were more common in younger
neonates, with longer CBP and DHCA times, in patients with single-ventricle defects with
arch obstruction, in patients returned to the CICU with delayed sternal closure, in patients
with postoperative cardiac arrests, and in patients who were placed on ECMO. Variables that
were not known on return to the CICU and occurred later would not be useful in identifying
patients at higher risk for seizures and in need of CEEG on postoperative CICU admission.
Thus, cardiac arrest and ECMO were not included in the multivariable model.

Author Manuscript
Author Manuscript

Delayed sternal closure and DHCA duration were strongly associated (P < .0001).
Therefore, to avoid collinearity, separate multivariate analyses were performed for delayed
sternal closure and DHCA duration to examine their respective associations with seizure
occurrence. Both multivariate models are provided in Table 3. Both had similar performance
characteristics. The goodness-of-fit for the multivariable logistic regression models indicated
that both had a pseudo-R2 of 0.11. Receiver operating characteristic curves (Figure 1) and
the c-statistics were not significantly different (P = .8). We performed the leave-one-out
cross validation to calculate the predictive probability of seizure occurrence for each
individual using the multivariate logistic model and again observed similar results between
the 2 models. In their respective models, only delayed sternal closure (odds ratio [OR] 3.99;
95% confidence interval [CI], 1.04–15.29; P = .04) and DHCA duration (OR, 1.04; 95% CI,
1.00–1.08; P = .04) were significantly associated with seizures. Because DHCA was
analyzed as a continuous variable, the increase in seizure risk is provided per minute of
DHCA. We assessed the potential collinearity of variables. Lower weight was not associated
with ECMO (P = .77) or DHCA use (P = .86). Younger age at the time of surgery was not
associated with ECMO (P = .41) or DHCA use (P = .23). Arch obstruction was not
associated with ECMO (P = .29) but, as expected, was associated with DHCA (P = .0000).
When DHCA duration was divided into 3 categories, there was a trend toward higher seizure
occurrence with longer DHCA duration (no DHCA 3%; DHCA <40 minutes 7% with OR,
2.48; 95% CI, 0.40–15.56; DHCA ≥40 minutes 15% with OR, 5.36; 95% CI, 1.09–26.42;
chi-square P = .07). When DHCA was dichotomized to less than 40 minutes (including no
DHCA) or 40 minutes or more, neonates with DHCA 40 minutes or more had a significantly
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increased seizure risk (15% vs 5%, chi-square P = .03; OR, 3.4; 95% CI, 1.07–11.08; P = .
04). When DHCA was changed into a 10-minute scale for subjects with DHCA more than 0
minutes, for every 10-minute increase in DHCA duration time, the OR of developing seizure
was 1.47 (95% CI, 0.96–2.15).

Author Manuscript

Several alternative analyses were performed. First, an alternative regression model was
explored with the cardiac defect type grouped as 1 versus 2 ventricles, and similar results
were observed. Second, an alternative regression model was explored including EEG
variables known in the initial hour of EEG recording, including background category,
excessive interictal epileptiform discharge presence, and reactivity. The EEG background
category was continuous in 30 neonates (19%), appropriately discontinuous in 31 neonates
(19%), and excessively discontinuous in 99 neonates (62%). EEG background category did
not predict seizure occurrence on univariable analysis (P = .85). Seizures occurred in 5 of 46
neonates (11%) with excessive interictal epileptiform discharges and in 7 of 105 neonates
(6%) without excessive epileptiform discharges (P = .06). Among the 112 neonates in whom
reactivity could be assessed, seizures occurred in 4 of 96 neonates (4%) with reactivity and 2
of 16 neonates (13%) without reactivity (P = .08). Multivariable analyses including these
EEG variables were not substantially different than the model described previously. On
multivariable analysis using delayed sternal closure, the only predictor of seizures was
delayed sternal closure (OR, 4.09; 95%CI, 1.04–15.99; P = .04). On multivariable analysis
using DHCA duration, the only predictor of seizure was DHCA duration (OR, 1.04; 95% CI,
1.00–1.08; P = .04). We compared the receiver operating characteristic curve c-statistics
between the model containing only clinical variables and the model containing EEG
variables, and they were not significantly different.
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Seizure descriptions and management are summarized in Table 2. The most commonly
administered antiseizure medication was phenobarbital, followed by a combination of
levetiracetam or phenobarbital. The choice of antiseizure medication and bolus parameters
were left to the clinician’s discretion. No patients had hemodynamic instability related to
medication administration.

Author Manuscript

Nine neonates (6%) died. Four neonates had multiorgan system dysfunction and withdrawal
of technologic support on ECMO, 1 neonate had a large intracranial hemorrhage and
withdrawal of technologic support on ECMO, 1 neonate had multiorgan system dysfunction
and withdrawal of ventilatory and inotropic support, 1 neonate had a large intracranial
hemorrhage and withdrawal of ventilatory and inotropic support, 1 neonate had a cardiac
arrest and was deemed to not be an ECMO candidate, and 1 neonate had cardiac arrest and
was unable to be cannulated for ECMO. Mortality was higher among neonates with than
without seizures (38% vs 3%, P <.01). Neonates with and without seizures did not have
significantly different postoperative lengths of stay in the CICU (11 days for both groups, P
= .65) or hospital (18 vs 17 days, P = .85). When the 9 neonates who died were excluded,
neonates with and without seizures still did not have significantly different lengths of stay in
the CICU (11 days for both groups, P = .69) or hospital (17 vs 19 days, P = .40).
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Brain MRI scans were obtained in 8 of 13 neonates with seizures. Findings included diffuse
periventricular leukomalacia in 5 neonates, subdural hematomas in 3 neonates, infarction in
2 neonates, microhemorrhages in 2 neonates, and intraparenchymal hemorrhage in 1
neonate. Five neonates did not undergo MRI (death in 4 and transfer to another hospital in 1)
but underwent head ultrasounds that showed intraventricular hemorrhage in 2, infarction in
2, intraparenchymal hemorrhage in 2, and subdural hematoma in 1. Imaging characteristics
are provided in Table 2. All neonates with seizures had diffuse or multifocal imaging
lesions. Four patients had seizures arising predominantly from one of their injury sites
(subjects 4, 5, 10, and 12 in Table 2), but none had a single site of injury with focal seizures
arising solely from that region.

Author Manuscript

DISCUSSION
This is the first report describing the impact of implementation of the ACNS guideline on
routine postoperative CEEG among neonates with CHD after surgery with CPB. We
identified an EEG seizure incidence of 8% (13/161). The seizure burden was often high
(status epilepticus in 62%). Seizures were often EEG only (85%), indicating that CEEG was
required for identification because bedside clinical assessment for seizures without CEEG
monitoring would be unreliable. The only clinical predictors of seizure occurrence available
on return to the CICU postoperatively were delayed sternal closure and longer DHCA
duration. Seizures also were more likely in neonates who subsequently required ECMO or
experienced cardiac arrest, and seizures were associated with higher mortality.

Author Manuscript
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The 8% incidence of EEG seizures in our current cohort was not significantly different from
our previous report of CEEG among neonates who received care from 2001 to 2003 (14%,
15/110).4 However, unlike our previous cohort in which all patients with seizures had EEGonly seizures, 15% of our current cohort of neonates had some clinical correlate to their
seizures. These data are similar to the Boston Circulatory Arrest Study of children with
transposition of the great arteries in which the incidences of EEG-only and electroclinical
seizures were 20% and 6%, respectively.3 Likewise, a study of a heterogeneous CHD cohort
of neonates and infants reported perioperative (preoperative, intraoperative, and
postoperative) electrographic seizures in 30% of neonates, of which 16% were
electroclinical.19 In comparison, Andropoulos and associates20 examined the occurrence of
preoperative and postoperative seizures in neonates undergoing surgery with CBP and found
that only 1 patient with a single ventricle had an EEG seizure, leading to an overall
incidence of 1.5%. The lower incidence of seizures in this last study is likely due to the
routine intraoperative and postoperative administration of benzodiazepines, which were not
used routinely in the other studies.
Similar to our previous report,4 electrographic seizures were most common in neonates with
single-ventricle defects with arch obstruction (16% in current report, 18% in previous
report). In our prior study of clinical seizures after infant cardiac surgery, the risk of clinical
seizures was also highest in those with single-ventricle defects with arch obstruction.2 This
contrasts with other studies that have reported the highest seizure incidence in patients with
2-ventricle defects with aortic arch obstruction.19 In addition, we found that increasing
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Naim et al.

Page 9

Author Manuscript

DHCA duration predicted seizure occurrence. This finding is similar to that of the Boston
Circulatory Arrest Study, in which identified risk factors for seizures included increasing
duration of DHCA, the presence of a ventricular septal defect, and older age at the time of
surgery.9 Likewise, we have previously reported risk factors that include coexisting genetic
defects, aortic arch obstruction,2 and increasing duration of DHCA.2,4 Since our previous
report, the incidence of seizures in patients who had DHCA more than 40 minutes has
decreased from 24% to 15%. Of note, avoidance of DHCA does not prevent seizures. In the
current study, seizures occurred in 3% of patients in whom DHCA was not used. A recent
study by Gunn and associates19 described a high incidence of perioperative seizures (30%).
The operative strategy consisted primarily of antegrade cerebral perfusion at one center for
all patients; in the second center, DHCAwas used with only brief periods (median duration, 8
minutes [IQR 5–17]) in patients with biventricular circulation during arch reconstruction and
during surgery to the atrial septum.19
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In this study, on univariable analysis, seizures occurred more often in neonates who were
younger at the time of surgery compared with those who were older (aged 3 vs 5 days). This
variable was not a seizure predictor in our previous report4 and contradicts the previous
finding of older age at the time of surgery in the Boston Circulatory Arrest Study, although it
was not possible to separate age and diagnosis of ventricular septal defects as predictors for
seizures.3 Seizure onset occurred at median of 20 hours after return to the CICU
postoperatively. This is similar to our previous report, in which the median seizure onset
time was 21 hours after surgery.5 In the Boston Circulatory Arrest Study, most seizures
occurred 13 to 36 hours after surgery.3
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Status epilepticus was common in our cohort, occurring in 62% of neonates with seizures.
This is consistent with the Boston Circulatory Arrest Study that identified a high occurrence
of status epilepticus.3 Patients who had seizures were medically sicker than patients without
seizures, as indicated by being more likely to return to the CICU with an open chest, to have
longer DHCA durations, to experience a cardiac arrest, and to require ECMO. The
occurrence of seizures in our cohort was ominous because 38% (5/13) of neonates with
postoperative seizures died. In the Boston Circulatory Arrest Study, 2% (n = 3) of infants
died within 1 month of surgery, but no association with postoperative seizures was reported.9
Gunn and colleagues8 reported a 44% early mortality in neonates with hypoplastic left heart
syndrome and variants who had seizures after Norwood type operations compared with 13%
without postoperative seizures.
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Given increasing attention to quality assessment and cost-effective healthcare strategies,
physicians must determine whether the seizure incidence and available data regarding the
association between seizures and worse neurodevelopmental outcomes justify the routine
use of CEEG for all neonates who undergo cardiac surgery with CBP. The ACNS guideline
recommends routine monitoring for several neonatal populations who have been identified
as having an especially high risk for seizures.15 Neonates at high risk of seizures include
34% to 65% of neonates treated with therapeutic hypothermia for hypoxic ischemic
encephalopathy,21,22 90% of neonates with stroke,23 10% to 30% of neonates undergoing
ECMO,24–26 and 85% of neonates with meningitis.27 The incidence of seizures in these atrisk populations is higher than has been reported in the population with CHD,3,4,9,19
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although in many of those populations the impact of seizures on neurodevelopmental
outcomes has not been studied. In adult populations, CEEG has not been shown to
significantly increase hospital costs,28,29 but cost-effectiveness analyses have not been
performed in neonates with CHD. With implementation of the ACNS guideline at our
institution, we were aiming to identify a population of neonates to target for routine
postoperative CEEG monitoring. Both delayed sternal closure and longer DHCA durations
predicted seizures in our multivariable model, but both ORs included a lower bounds of
approximately 1, suggesting the statistically significant findings may not be useful in
focusing CEEG implementation on a high-risk group.
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Over the last 3 decades, surgical and medical care improvements have increased the survival
of neonates, with CHD leading to emphasis on improving functional outcome and quality of
life among survivors. Outcome studies have described neurodevelopmental dysfunction in
half of all survivors, characterized by mild cognitive impairment, impaired executive
function, inattention and impulsive behavior, and impaired language and social skills.30 In
the Boston Circulatory Arrest Study, postoperative seizure occurrence was the medical
variable most consistently related to worse neuropsychologic outcomes at 16-year follow-up,
including lower scores on reading and math composites, general memory index, executive
function, and visual special testing.13 In that study, only clinical seizures were treated with
antiseizure medications. Most seizures were EEG-only seizures and were untreated, which
may have contributed to these unfavorable outcomes. In our previous evaluation of the
neurodevelopmental impact of postoperative EEG seizures that were detected and treated
with antiseizure medications, seizures were associated with less severe deficits at 4 years of
age, including impaired executive function and social interactions,31 compared with the
Boston Circulatory Arrest Study. These studies suggest that identifying and treating seizures
may reduce secondary brain injury and improve outcomes. Gunn and colleagues8,19 did not
find neurodevelopmental impairment at 2-year follow-up in neonates who had perioperative
seizures, but testing at this age is limited and does not test higher functions such as memory
and executive function. Further, there may have been some misclassification of patients with
and without seizures because the study used amplitude-integrated EEG and not conventional
full-array EEG.32 High seizure burdens have been associated with worse outcome in older
critically ill children.33–35 Although the occurrence of a seizure is a marker of brain injury,
there may also be secondary injury if the seizure activity is not terminated. The association
between seizures and worse outcomes is consistent with animal models. In baboons with
pharmacologically induced seizures and paralysis, thus producing nonconvulsive status
epilepticus, severe brain injury occurred.36 Further, seizures in the immature brain have been
shown to induce a cascade of events resulting in synaptic changes, altered long-term
potentiation, cell injury, and cell death.37–39
Given the association between seizures and worse neurodevelopment outcomes,
postoperative CEEG to identify seizures is warranted. Our investigation showed that patients
who had delayed sternal closure and longer duration of DHCA had an increased risk of
seizures. However, given that neonates with all categories of CHD were at risk of
development of seizures and that the majority of seizures in our study were EEG only,
widespread monitoring strategies are indicated in the neonatal post-CBP population.
Furthermore, push-button events by bedside clinicians, including abnormal movements and
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hypertensive episodes concerning for possible seizures, did not have any EEG correlate
indicating that bedside clinical assessment for seizures without CEEG monitoring is
unreliable.
Study Limitations
First, we did not monitor patients preoperatively or intraoperatively, as has been done in
previous reports.19,20 Second, we did not evaluate neurodevelopmental outcomes and thus
cannot determine whether seizure occurrence was associated with adverse
neurodevelopmental outcomes among survivors.

CONCLUSIONS
Author Manuscript

We implemented routine postoperative CEEG in neonates with CHD who underwent surgery
with CPB in accordance with the ACNS guideline and identified an 8% incidence of
postoperative EEG seizures. In the majority of neonates, the seizures were EEG only.
Bedside clinical assessment for seizures without CEEG monitoring was unreliable. Neonates
with all classifications of CHD had postoperative seizures. The only risk factors for
electrographic seizures were delayed sternal closure and longer DHCA duration. Seizure
occurrence was associated with more severe illness, as indicated by associations with
delayed sternal closure, longer DHCA durations, postoperative cardiac arrest, and need for
ECMO. Seizures were markers of brain injury, characterized by multifocal neuroimaging
lesions and an association with higher mortality. Further study is needed to determine
whether identification and management of seizures improve neurodevelopmental outcomes.
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Central Message
Postoperative continuous EEG in neonates after CPB identified subclinical seizures that
would not have been identified without monitoring.
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Perspective
Given the known association between seizures and worse neurodevelopmental outcomes
among neonates undergoing cardiac surgery with CPB, we implemented routine
postoperative continuous EEG monitoring. Seizures were identified in 8% of neonates
with a high seizure burden. Most seizures would not have been identified without
monitoring.
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FIGURE 1.

Receiver operating characteristic curves for the multivariate model including delayed sternal
closure (top) and DHCA duration (bottom). ROC, Receiver operating characteristic.
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TABLE 1

Author Manuscript

Demographic and clinical characteristics
Male, n (%)

92 (57%)

Birth weight (kg), median (IQR)

3.2 (2.8–3.6)

Head circumference (cm), median (IQR)

34 (32–35)

Gestational age (wk), median (IQR)

39 (38, 39)

Premature neonates (<37 wk gestational age), n (%)

26 (16%)

Identified genetic defects, n (%)

21 (13%)

Age at surgery (d) median (IQR)

5 (3–7)

Cardiac defect, n (%)

Author Manuscript

Class I

43 (27%)

Class II

15 (9%)

Class III

35 (22%)

Class IV

68 (42%)

Duration of CPB (min), median (IQR)

46 (38–62)

DHCA used, n (%)

96 (60%)

DHCA duration (min), median (IQR)

41 (32–50)

Delayed sternal closure, n (%)

26 (16%)

ECMO used, n (%)

11 (7%)

Cardiac arrest, n (%)

15 (9%)

Number (%) and median (IQR) are reported as appropriate. IQR, Interquartile range; CPB, cardiopulmonary bypass; DHCA, deep hypothermic
circulatory arrest; ECMO, extracorporeal membrane oxygenation.
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Yes

Yes

No

No

Yes

No

Yes

Yes

Yes

No

Yes

No

3

4

5

6

7

8

9

10

11

12

13

Yes

Status epilepticus

2

1

Subject
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No

Yes

No

No

No

No

No

No

No

No

No

No

Yes

Any seizures
with clinical
correlates

8 diffuse seizures lasting 0.1–2 min

~10 seizures per hour for 3 d from multifocal
locations lasting 0.5–5 min

3 L occipital seizures lasting 1–20 min

>100 R frontal-central-temporal temporal
seizures lasting 0.25–1.5 min

34 L occipital seizures lasting 2–4 min

5 bi-occipital seizures lasting 2–13 min

9 L occipital 1-seizures lasting 5 min

13 R central seizures lasting 1–3 min

5 L central seizures lasting 0.25–1 min

1 R central and 1 L occipital seizure lasting 1
min

>100 bi-central and vertex seizures lasting
0.5–3 min

29 bi-occipital seizures lasting 2–30 min

25 focal R central seizures lasting 0.5–3.5
min

Seizure description

Author Manuscript

Seizure description, treatment, and brain imaging

PB

PB, LEV

PB, LEV

PB, LEV

LEV

PB

PB

PB, LEV

PB

None

LEV, PB

PB

PB

Antiseizure medications administered

Head US

Head US
Large area of increased parenchymal echogenicity in the
L parietal-occipital region, compatible with hemorrhagic
infarction, IVH left greater than right

Head US
Increased echogenicity bilateral thalami, bilateral SDH

Brain MRI
Subacute infarctions in the R frontal lobe and L frontal
lobe

Brain MRI
PVL corpus callosum, periventricular deep white matter,
microhemorrhages R frontal and parietal deep white
matter, R lateral medulla and cerebellar peduncle, SDH
posterior flax and tentorium

Brain MRI
PVL L parietal white matter region, L tentorial SDH,
bilateral cerebral microhemorrhages

Brain MRI
Cystic PVL central semiovale and corona radiate
bilaterally

Head US
2 large intraparenchymal lesions in L hemisphere
suggestive of ICH

Brain MRI
L post frontal and anterior parietal infarction, R frontal
lobe infarction

Brain MRI
Small SDH along flax and tentorium, small
intraparenchymal hemorrhage in R cerebellar hemisphere
and R posterior parietal lobe

Head US
Bilateral IVH, periventricular hemorrhage vs hemorrhagic
infarct

Brain MRI
Bilateral deep and periventricular foci of hemorrhagic
PVL

Brain MRI
Bilateral deep and periventricular foci of PVL

Imaging
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Antiseizure medications administered
Evolving left caudothalamic groove germinal matrix
hemorrhage with intraventricular synechia

Imaging

PB, Phenobarbital; MRI, magnetic resonance imaging; PVL, periventricular leukomalacia; LEV, levetiracetam; US, ultrasound; IVH, intraventricular hemorrhage; SDH, subdural hematoma; R, right; ICH,
intracranial hemorrhage.
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Status epilepticus

Author Manuscript

Subject
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Any seizures
with clinical
correlates
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33 (94%)
14 (93%)
36 (84%)

Class II

Class III

Class IV
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45 (38–60)

Duration of CPB (min)

140 (93%)
9 (73%)

No

Yes

ECMO*

21 (0–42)

Duration of DHCA (min)

Yes

No

1 (8%)

0 (0%)

3 (27%)

10 (7%)

62 (42–77)

47 (36–49)

6 (23%)

11 (92%)

Truncus arteriosus repair

20 (77%)

14 (100%)

Complete repair of tetralogy of Fallot

1 (6%)

1 (4%)

7 (5%)

16 (94%)

Systemic to pulmonary artery shunt

6 (14%)

7 (16%)

1 (7%)

2 (6%)

3 (4%)

3 (2–5)

1 (5%)

12 (9%)

37 (37–39)

6 (9%)

7 (8%)

Seizures

128 (95%)

24 (96%)

Arterial switch operation

Delayed sternal closure

37 (86%)

Stage 1 Norwood Operation

Operation

65 (96%)

Class I

Cardiac defect

5 (3–7)

20 (95%)

Present

Age at surgery (d)

128 (91%)

None

Identified genetic abnormality

39 (38–39)

63 (91%)

Gestational age (wk)

85 (92%)

Female

No seizures

Male

Gender

Variable

.015

.24

.01

.002

.42

.14

.05

.55

.42

.80

P value

Author Manuscript
Univariate analysis

†

*

3.99 (1.04–15.29)

—

0.76 (0.07–7.83)

0.49 (0.08–2.87)

0.46 (0.10–2.18)

0.91 (0.74–1.11)

OR (95% CI)

*

.04

.82

.43

.33

.36

P value

Multivariate analysis no. 1*

1.04 (1.00–1.08)

*

—

2.28 (0.14–35.06)

0.41 (0.07–2.43)

1.09 (0.18–6.67)

0.93 (0.77–1.28)

OR (95% CI)

.04

*

.56

.33

.93

.47

P value

Multivariate analysis no. 2*
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Electrographic seizure predictors
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11 (73%)

Yes

4 (27%)

9 (6%)

Seizures
.006

†

OR (95% CI)

P value
OR (95% CI)

P value

ECMO and cardiac arrest were not included in the multivariable analysis because these variables would not be known at the time of return to the CICU and therefore could not be used to help decide
whether EEG monitoring was indicated.

†

Delayed sternal closure and DHCA duration were highly correlated, so multivariate analysis included only delayed sternal closure (multivariable analysis no. 1) or DHCA duration (multivariable analysis
no. 2).

*

Number (%) and median (IQR) are reported as appropriate. Boldface indicates statistical significance. OR, Odds ratio; CI, confidence interval; DHCA, deep hypothermic circulatory arrest; CPB,
cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation.

137 (94%)

No

Cardiac arrest*

No seizures

P value

Author Manuscript

Variable

Multivariate analysis no. 2*

Author Manuscript
Multivariate analysis no. 1*

Author Manuscript

Univariate analysis
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