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Abstract

This cohort study examines medication use in term neonates with hypoxic-ischemic 

encephalopathy (HIE) and seizures before and after implementation of a Neonatal Neurocritical 

Care Service (N=108), which included increased seizure monitoring. Nearly all neonates received 

phenobarbital (96% pre- versus 95% post-Neonatal Neurocritical Care Service) and total loading 

dose did not vary among groups (33 [95% CI 29–37] versus 30 [26–34] mg/kg). After adjustment 

for seizure burden, neonates managed during the Neonatal Neurocritical Care Service era, on 

average, received 30 mg/kg less cumulative phenobarbital (95% CI 15–46 mg/kg) and were on 

maintenance 5 fewer days (95% CI 3–8 days) than those who were treated prior to implementation 

of the service. In spite of the enhanced ability to detect seizures due to improved monitoring and 

increased vigilance by bedside practitioners, implementation of the Neonatal Neurocritical Care 
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Service was associated with decreased use of potentially harmful phenobarbital treatment among 

neonates with HIE.
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Introduction

Neurocritical care is a relatively new subspecialty that combines expertise in neurology and 

critical care medicine. While there is strong evidence that adults with acute neurological 

conditions who are treated in a specialized neurocritical unit have reduced morbidity and 

mortality,1,2 the impact of neurocritical care in the neonatal population is not known. 

Several reasons for improved outcomes have been proposed, including: (1) higher patient 

volumes in designated centers, (2) adherence to protocols, and (3) multimodal neurological 

monitoring.2

Seizure management is an important focus in neonatal neurocritical care for several reasons. 

First, the neonatal period represents the highest lifetime risk for acute symptomatic seizures, 

and seizures often herald serious underlying brain injury and adverse outcome.3,4 Second, 

seizures are very difficult to identify, since bedside clinical detection of seizures is not 

accurate (trained providers are correct only 50% of the time in identifying which paroxysmal 

clinical events have an electrographic correlate),5 and seizures among critically ill neonates 

are frequently subclinical.6 Finally, commonly used medications like phenobarbital have 

partial efficacy,7 demonstrate neurotoxicity in animal models,8 and hold potential for 

worsening cognitive and motor function in toddlers.9 Although published guidelines 

recommend continuous, prolonged electroencephalogram (cEEG) with video monitoring as 

the gold standard for accurate detection of seizures among critically ill populations of all 

ages, including neonates,10–12 barriers to implementation of cEEG include need for 

specialized equipment, and substantial resources and expertise to apply the neonatal 

montage and interpret findings; thus, not all centers can routinely monitor patients.13

The potential impact of specialized neurocritical care using cEEG on medical management 

for seizures in neonates is not known. In theory, accurate detection should lead to tailored 

treatment, however some physicians harbor concern that increased seizure recognition with 

cEEG could lead to increased treatment with potentially neurotoxic agents such as 

phenobarbital. Limited evidence suggests prolonged neurophysiology monitoring using 

amplitude-integrated EEG (aEEG) does not influence seizure medication treatment,14,15 

however the impact of cEEG within a Neonatal Neurocritical Care Service has not been 

studied.

This cohort study examines the association between medication use in term neonates with 

moderate-severe hypoxic-ischemic encephalopathy (HIE) and seizures that were managed 

before and after implementation of a Neonatal Neurocritical Care Service, which included a 

therapeutic hypothermia program, prolonged, continuous video-EEG (cEEG) monitoring, 
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seizure management guidelines, and physician and nursing education. We hypothesized that 

detection and treatment of seizures without clinical correlate would be offset by decreased 

treatment of non-seizure clinical events and, as such, we would observe no change in 

cumulative phenobarbital dose among neonates with HIE and seizures monitored with 

prolonged EEG after the establishment of a Neonatal Neurocritical Care Service as 

compared to those managed prior to the new service.

Methods

Subjects

Neonates admitted to the University of California, San Francisco (UCSF) Benioff Children’s 

Hospital Intensive Care Nursery (ICN) were considered for inclusion in the study. The ICN 

database, which contains information on all neonates, was compiled prospectively in a 

systematic manner using a protocol and pre-determined variable definitions in accordance 

with the California Perinatal Quality Care Collaborative (CPQCC). The ICN database was 

continuously sampled for a diagnosis of HIE. The charts of those neonates diagnosed with 

HIE were assessed for study inclusion. UCSF’s Committee on Human Research approved 

waiver of consent and data collection.

Inclusion Criteria

The study population was neonates with moderate-severe encephalopathy who had clinical 

and/or electrographic seizure(s), admitted to the UCSF ICN from July 2004 to December 

2011, and who met or would have met our institutional criteria for treatment with 

therapeutic hypothermia. Therapeutic hypothermia was instituted on November 1, 2007. Our 

criteria for treatment are similar to those of the randomized trials,16,17 as follows: (1) birth at 

≥ 36 weeks postmenstrual age; (2) the presence of one or more of the following: an Apgar 

score <5 at 10 minutes of life, a history of prolonged resuscitation at birth, the presence of 

severe acidosis defined as a cord pH, or first gas (within 60 minutes of birth) pH of <7.0, or 

a base deficit of greater than −12 from cord blood, or first gas; and (3) the presence of 

moderate-severe encephalopathy identified by the attending neonatologist or pediatric 

neurologist within the first 6 hours after birth.

Exclusion Criteria

Subjects were excluded for the following reasons: (1) ineligible for therapeutic hypothermia 

due to birth weight <1800 grams; coagulopathy with active bleeding; required 

extracorporeal membrane oxygenation (ECMO) prior to 6 hours of life; severe congenital 

anomalies; syndromes or known metabolic disorders; (2) missing Medication 

Administration Records; (3) enrolled in a blinded study that randomized patients to 

prophylactic phenobarbital versus placebo after resolution of acute symptomatic seizures.

Selection and Group Assignment

The neonatal monitoring program -- which includes cEEG and concurrent bedside display of 

a simplified montage aEEG -- was initiated coincident with implementation of the 

therapeutic hypothermia. Prior to this date, seizure monitoring typically consisted of brief 

EEG for ≤2 hours when clinical suspicion of seizures arose. In contrast, neonates evaluated 
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after the implementation of our program were continuously monitored with conventional 

video EEG applied according to the 10–20 system, modified for neonates, from the time of 

admission at least until rewarming was complete, or until the neonate was 24 hours free of 

EEG seizures (in keeping with recommendations from the ACNS10). A multidisciplinary 

Neonatal Neurocritical Care Service was established in July 2008, 9 months after 

implementation of therapeutic hypothermia and monitoring, which resulted in increased 

involvement of neurologists in the care of neonates, implementation of standardized seizure 

treatment guidelines (which recommend phenobarbital as the first-line medication up to total 

bolus dosing of 40–50mg/kg, followed by fosphenytoin and levetiracetam as second and 

third line, and early discontinuation of medications after resolution of EEG confirmed 

seizures), and specialized training for neonatal bedside nurses, among other systemic 

changes.18,19 Neonates born prior to implementation of the Neonatal Neurocritical Care 

Service were in the “pre-Neonatal Neurocritical Care Service era” group and neonates born 

on or after this date were in the “post-Neonatal Neurocritical Care Service era” group. Data 

from a subset of subjects were previously reported.20

Measurements

Patient demographics were extracted from the UCSF ICN database and systematic chart 

review. Encephalopathy severity was assigned based on chart documentation of the worst 

mental status observed during the 7 days following birth, according to CPQCC guidelines. 

Neonates who were not responsive to arousal maneuvers were designated as having severe 

encephalopathy, and neonates who were hyperalert and/or lethargic were designated as 

having moderate encephalopathy. Neonates with unclear encephalopathy severity (n=6) due 

to poor documentation or use of paralytic medication were categorized as having moderate 

encephalopathy.

Neonates who were treated with therapeutic hypothermia received whole-body cooling via a 

cooling unit and blanket (CSZ Blanketrol III, Cincinnati). Rectal temperature remained at 

33.5 ± 0.5°Celsius for 72 consecutive hours. Morphine was given throughout cooling to 

provide adequate sedation and to minimize shivering.

Physician, nursing, transport, and referring hospital notes were reviewed to determine 

observation of seizure prior to hospital discharge. Clinical events that were suspicious for 

seizure were determined based on Mizrahi and Kellaway characterizations,21 and 

electrographic seizure diagnosis was based on EEG reports written by neurophysiologists 

blinded to the study hypothesis. Seizure monitoring in the pre-Neonatal Neurocritical Care 

Service era was at the discretion of the treating physician, typically video-EEG for ≤2 hours 

when clinical suspicion of seizure arose. In contrast, seizure monitoring in the post-Neonatal 

Neurocritical Care Service era involved continuous monitoring with both aEEG and 

conventional video-EEG applied according to the international 10–20 system, modified for 

neonates, from the time of admission until the completion of rewarming or until the neonate 

was 24 hours seizure-free, whichever was shorter.22 In both eras, initiation of seizure 

medication treatment was at the discretion of the treating neonatologist and neurologist, 

typically after a suspected seizure (and never prophylactically) with the goal of treating 

seizures (not achieving a specific drug level). Details regarding dosages were abstracted 
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from Medication Administration Records. Total cumulative phenobarbital dose was defined 

as the total medication dose that a subject received from the time of birth until hospital 

discharge, including boluses and maintenance dosing. Seizure burden was categorized based 

on the following 3 definitions: neonates with status epilepticus (continuous seizure activity 

for at least 30 minutes or recurrent seizures for over 50% of 1–3 hours of recording time)23 

those with ≥5 seizures (clinical and/or electrographic) and who failed to meet criteria for 

status epilepticus were said to have “many seizures”; and those with <5 total seizures were 

said to have “few seizures.”

Study data were collected and managed using REDCap (Research Electronic Data 

Capture).24

Analysis

Unadjusted comparisons between the groups were conducted using chi-squared and Fisher’s 

exact tests (for categorical variables with expected counts ≥10 and counts < 10, 

respectively), and the t-test for numeric variables with approximately normal distributions, 

and rank-sum tests for numeric variables with non-normal distributions.

The differences in cumulative phenobarbital dose and days on phenobarbital maintenance 

between groups were determined using multiple linear regression models adjusted for 

seizure burden category. The percent change in cumulative phenobarbital dose was 

determined using a linear regression model of the log-transformation of cumulative 

phenobarbital dose (with 10 added to avoid issues with zero doses), adjusted for seizure 

burden. The odds ratio of being discharged on a seizure medication was determined using a 

multiple logistic regression model adjusted for seizure burden. Seizure burden was a priori 

identified as a potential confounder since evidence suggested therapeutic hypothermia may 

decrease seizure burden,25,26 and the majority of neonates (80%) were treated with 

therapeutic hypothermia in the post-Neonatal Neurocritical Care Service era, while 8% were 

treated with hypothermia in the pre-Neonatal Neurocritical Care Service era.

The fit of the models were checked for linearity, normality, constant variance, influential 

points, and covariate overlap. Of note, bootstrap confidence intervals based on 1000 repeats 

were calculated for all regressions given that residuals were slightly skewed right. These 

estimates were essentially identical to the 95% confidence intervals from the models and 

assured us that models were robust to violations of normality. Potential influential points 

were identified using DFBETA calculations. Sensitivity analysis revealed that exclusion of 

these points minimally changed point estimates and did not affect qualitative conclusions. 

Thus, no data points were excluded from analysis.

For all analyses, p-values <0.05 were considered significant and all tests were two-sided. 

Analyses were performed using Stata 12 (StataCorp, College Station, Texas).

Results

Of 123 neonates diagnosed with HIE and seizure(s), 108 (88%) met study criteria (Figure 1). 

Fifteen patients were excluded: 5 had an HIE event secondary to post-natal cardiopulmonary 
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arrest, 2 had no documented encephalopathy during the first 6 hours after birth, 3 did not 

meet criteria for perinatal asphyxia, 2 had severe congenital anomalies, syndromes, or 

known metabolic disorders, 1 had coagulopathy with active bleeding, 1 had a missing 

Medication Administration Record, and 1 was enrolled in a study that randomized patients 

to prophylactic phenobarbital versus placebo after resolution of acute symptomatic seizures.

Fifty-three neonates were categorized as pre-Neonatal Neurocritical Care Service era group, 

and 55 were categorized as post-Neonatal Neurocritical Care Service era group. The 

majority of neonates born in the pre-Neonatal Neurocritical Care Service were not treated 

with therapeutic hypothermia (92%), while 3 (6%) received complete cooling therapy and 1 

(2%) received partial cooling therapy (terminated due to transition to palliative care). Within 

the post-Neonatal Neurocritical Care Service era group, 44 (80%) completed the therapeutic 

hypothermia protocol, 8 (15%) partially completed the therapeutic hypothermia protocol, 

and 3 (5%) were not treated with therapeutic hypothermia due to late referral or late 

recognition of HIE. In the 9 cases of partial treatment, therapeutic hypothermia was stopped 

prior to 72 hours due to severe cardiopulmonary instability or transition to palliative care. 

The UCSF Neonatal Neurocritical Care Service evaluated all neonates born in the post-

Neonatal Neurocritical Care Service era. The 4 neonates born prior to the launch of the 

service who received hypothermia were monitored by cEEG and evaluated by a Pediatric 

Neurologist from admission through completion of hypothermia treatment, however the full 

model of neurocritical care was not yet established, and treatment was not based on 

consensus guidelines.19

Baseline characteristics of neonates show that 10-minute Apgar scores were lower and 

encephalopathy severity was higher in the post-Neonatal Neurocritical Care Service 

compared with pre-implementation era group (Table 1).

In the post-Neonatal Neurocritical Care Service era, fewer neonates were first diagnosed 

with seizures based on clinical manifestations alone (45% versus 85%; p<0.001), and 

approximately one-third of neonates were first diagnosed with seizures based on EEG 

monitoring alone (33% versus 4%; p<0.001). Of note, neonates with only seizures without 

clinical correlate were almost only observed in the Neonatal Neurocritical Care Service era 

(27% versus 2%; p<0.001).

In both eras, the majority of neonates with seizures were treated with a single seizure 

medication (89% post- versus 81% pre-Neonatal Neurocritical Care Service era; p=0.3) and 

2 concurrent seizure medications at most (7% versus 17%; p=0.1). Nearly all neonates 

received phenobarbital (95% versus 96%; p=0.7). Total phenobarbital loading dose did not 

vary between eras (30 (95% CI 26 to 34) versus 33 (95% CI 29 to 37) mg/kg; p=0.3). 

Neonates born in the Neonatal Neurocritical Care Service era, on average, received 27 

mg/kg less cumulative phenobarbital than those managed prior to the Neonatal Neurocritical 

Care Service (95% CI 10 to 43 mg/kg; p=0.002; 30 mg/kg less after adjustment for seizure 

burden 95% CI 15 to 46 mg/kg; p<0.001).

This amounted to a >30% reduction (95% CI 16 to 46%; p=0.001). This effect was not due 

to cooling alone: subjects treated with therapeutic hypothermia did receive a lower 
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cumulative phenobarbital dose (p=0.01), however the effect of cooling was no longer 

present after adjustment for Neonatal Neurocritical Care Service era (0.5 [95% CI −32 to 33) 

mg/kg more cumulative phenobarbital, p=0.97), whereas the effect of the interventions 

associated with the Neonatal Neurocritical Care Service remained near significant (p=0.05) 

with no change in estimated effect size. Those born in the Neonatal Neurocritical Care 

Service era were treated with maintenance phenobarbital for an average of 5 fewer days 

compared with those in the pre- Neonatal Neurocritical Care Service era (95% CI 3 to 7; 

p<0.001; no change after adjustment for seizure burden, 95% CI 3 to 8 days; p<0.001). 

Survivors were also much less likely to be maintained on a seizure medication following 

hospital discharge in the Neonatal Neurocritical Care Service era as compared with the pre-

Neonatal Neurocritical Care Service era (8% versus 55%; OR=0.04, 95% CI 0.01 to 0.2; 

p<0.001, after adjustment for seizure burden).

Among those neonates who survived until hospital discharge (n=81), the association 

between Neonatal Neurocritical Care Service management and phenobarbital use was 

similar (37 [95% CI 17–57] mg/kg less cumulative phenobarbital, p<0.001; and 7 [95% CI 

4–10] fewer days on therapy, p<0.001, after adjustment for seizure burden). Among 

survivors with only clinical events that were suspicious for seizures (i.e., without 

documented EEG seizures) (n=38), the estimated effect sizes were larger (39 [95% CI 3–74] 

mg/kg less cumulative phenobarbital, p=0.03; and 8 [95% CI 2–13] fewer days on therapy, 

p=0.01, after adjustment for seizure burden). In this subgroup, 27% (3/11) in the Neonatal 

Neurocritical Care Service era versus 74% (20/27) in the pre-Neonatal Neurocritical Care 

Service era were continued on maintenance phenobarbital in the absence of an EEG-

confirmed seizure (p=0.007).

Discussion

Implementation of a Neonatal Neurocritical Care Service alters seizure treatment 

decisionmaking, and is associated with a clinically relevant reduction in cumulative 

phenobarbital dose among neonates with seizures due to HIE. In spite of increased 

sensitivity for seizure detection during the Neonatal Neurocritical Care Service era due to 

improved monitoring using cEEG and increased vigilance by bedside practitioners, there 

was a decrease in cumulative phenobarbital dose (with no difference in total bolus doses), 

shorter duration of maintenance dosing, and fewer neonates discharged home on a seizure 

medication. In addition, among survivors with clinical events that were suspicious for 

seizures only (i.e., no EEG confirmed seizures), the reduction in cumulative phenobarbital 

dose and days on maintenance therapy were more substantial, suggesting reduced harm by 

more accurate identification of who should and should not receive treatment. Finally, 

subjects managed by the Neonatal Neurocritical Care Service had a shorter length of stay, 

although this study was not designed to account for all potential confounders for this 

outcome.

Our findings are in keeping with previous studies showing that specialized neurocritical 

care, and a bundled care approach can improve outcomes.1,2,27 However, like other studies 

that examine the impact of neurocritical care, the implementation of our service involved a 

number of changes, including cEEG, as well as education for bedside physicians and nurses, 

Wietstock et al. Page 7

J Child Neurol. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and seizure management guidelines; thus, a single causal explanation for reduced 

medication use cannot be definitively identified.

Two previous studies have reported on prolonged monitoring and seizure medication use in 

neonates. In their single-center observational study, Shellhaas et al report that aEEG 

implementation did not alter seizure medication use compared to no aEEG in a population of 

neonates with seizures.14 Specifically, there were no differences between the groups in 

terms of the number of seizure medications per patient, nor the proportion of patients who 

were maintained on phenobarbital after discharge home. Similarly, a small, multicenter RCT 

reported no difference in the number of seizure medications per patient among neonates with 

HIE monitored with aEEG compared to those whose caregivers were blinded to aEEG.15 

Our data also showed no differences between the eras in terms of the number of seizure 

medications per patient. In contrast, our study revealed a significantly lower proportion of 

patients maintained on phenobarbital at the time of discharge from the hospital. The reasons 

for the difference may be related to added certainty in treatment decision making due to use 

of cEEG (rather than the aEEG simplified montage); the fact that our population was more 

homogenous in terms of seizure etiology (a physician may be more likely to stop a 

medication in a neonate with seizures due to HIE as compared with other etiologies); or due 

to other changes related to the implementation of the Neonatal Neurocritical Care Service, 

for example education of nurses and physicians, or implementation of guidelines.

We recognize that our study has limitations related to its retrospective design. First, 

measurements were based on chart review and, while data extraction was standardized, 

variation in chart documentation limited our ability to account for all potential confounders. 

Second, we and others have reported that therapeutic hypothermia may be associated with a 

reduction in seizures20,25,26; we addressed this potential confounder by adjusting for seizure 

burden. Since our clinical practice is to treat only detected seizures, any change in seizure 

frequency that was related to hypothermia should be accounted for by the adjustment. 

Furthermore, the effect of therapeutic hypothermia was not significant after adjustment for 

Neonatal Neurocritical Care Service, suggesting no effect of hypothermia alone. Finally, 

studies examining the effect of therapeutic hypothermia on phenobarbital pharmacokinetics 

have yielded mixed results, with 2 reporting no clinically relevant effect, and a third 

reporting higher levels and prolonged half-life of the medication.28–30 As such, we cannot 

exclude an effect of prolonged phenobarbital metabolism on our results, however, since the 

effect of therapeutic hypothermia was not significant, we expect that the reduction in 

phenobarbital is also independent of phenobarbital phamacokinetics.

In spite of these limitations, this study provides evidence that implementation of a Neonatal 

Neurocritical Care Service (which included a therapeutic hypothermia program, prolonged, 

continuous video-EEG (cEEG) monitoring, seizure management guidelines, and physician 

and nursing education) is associated with decreased phenobarbital use, even in the setting of 

an increased ability to detect seizures due to cEEG monitoring, and added vigilance by the 

bedside practitioner. Current practice at most centers is to conduct brief EEG monitoring (up 

to 1–2 hours) in the setting of clinical events that are suspected seizures, and medical 

treatment (typically with phenobarbital and with or without EEG confirmation of seizures), 

for 1–6 months on average, following discharge from hospital.31 The reduction in 
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phenobarbital use associated with implementation of the Neonatal Neurocritical Care 

Service may benefit patients by reducing exposure to potentially harmful effects of this 

medication. We hypothesize that cEEG provided treating clinicians the input and 

reassurance needed for a more tailored approach to seizure treatment decision-making, as 

opposed to the less targeted approach used prior to implementation of continuous 

monitoring, and that enriched monitoring data from cEEG may provide treating physicians 

with a clearer understanding of presence of seizures (and whether treatment is required), 

seizure control, and response to seizure medications. The additional information likely alters 

management by treating physicians, who can reduce harm by limiting or discontinuing 

phenobarbital in neonates who display clinical events but never have EEG confirmed 

seizures, as well as after resolution of electrographic seizures. Additionally, cEEG 

monitoring can identify neonates who are experiencing electrographic seizures without overt 

clinical manifestations. Absent monitoring, seizures in these neonates may not be identified 

and treated.

Additional studies are needed to investigate the utility of the individual components of a 

Neonatal Neurocritical Care Service, including prolonged, continuous video-EEG 

monitoring, education and implementation of guidelines, as well as the impact on long-term 

neurodevelopmental outcomes.
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Figure 1. 
Flow diagram depicting patient selection and group assignments. NNCS Neonatal 

Neurocritical Care Service.
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Table 1

Characteristics of 108 neonates with seizures due to hypoxic-ischemic encephalopathy after and before 

implementation of a Neonatal Neurocritical Care Service.

Post-
Neonatal

Neurocritical
Care Service

Era
(n=55)

Pre-
Neonatal

Neurocritical
Care Service

Era
(n=53) p-value

Male sex 27(49) 35(66) 0.08

Gestational age, weeks 39.6 ± 1.4 39.7 ± 1.5 0.8

Cesarean section 31(56) 27(51) 0.6

10-minute Apgar score 4(3 to 5) 6(4 to 7) 0.001

Base Excess* −18 ± 7 −18 ± 7 0.6

Encephalopathy Severity 0.03

  -Moderate 32(58) 41(77)

  -Severe 23(42) 12(23)

Therapeutic hypothermia 52 (95%) 4 (8%) <0.001

Seizure Burden** 0.4

  -Few Seizures (<5) 30(55) 36(68)

  -Many Seizures (>5) 19(35) 13(25)

Status Epilepticus 6(11) 4(8)

Length of stay, days 8(6 to 11) 13(6 to 19) 0.01

Death before hospital discharge 16(29) 11(21) 0.3

Values are given in terms of n (%), mean ± standard deviation, or median (25th percentile to 75th percentile).

*
Values based on worst base excess from cord gas or first blood gas.

**
Seizure based on chart documentation of clinical events that were suspicious for seizure(s) or on electroencephalogram (EEG) confirmed 

seizures.

J Child Neurol. Author manuscript; available in PMC 2016 August 01.


