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Abstract
Electrographic seizures are common in neonates with hypoxic-ischemic encephalopathy, but
detailed data are not available regarding seizure incidence during therapeutic hypothermia. The
objective of this prospective study was to determine the incidence and timing of electrographic
seizures in term neonates undergoing whole-body therapeutic hypothermia for hypoxic-ischemic
encephalopathy as detected by conventional full-array electroencephalography for 72 hours of
therapeutic hypothermia and 24 hours of normothermia. Clinical and electroencephalography data
were collected from 26 consecutive neonates. Electroencephalograms were reviewed by 2
pediatric neurophysiologists. Electrographic seizures occurred in 17 of 26 (65%) patients. Seizures
were entirely nonconvulsive in 8 of 17 (47%), status epilepticus occurred in 4 of 17 (23%), and
seizure onset was in the first 48 hours in 13 of 17 (76%) patients. Electrographic seizures were
common, were often nonconvulsive, and had onset over a broad range of times in the first days of
life.
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Hypoxic-ischemic encephalopathy is a major cause of morbidity and mortality among term
newborns, with both acute and chronic consequences. Most literature describing
hypoxicischemic encephalopathy predates therapeutic hypothermia, which is increasingly
employed to improve outcomes among children with moderate or severe neonatal
encephalopathy.1-3 In addition to changing long-term outcomes, there is evidence that
hypothermia modifies the clinical evolution and neuroimaging findings in treated
neonates.4,5 Thus, data from the “prehypothermia” era must be reconsidered.
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Neonates with moderate or severe hypoxic-ischemic encephalopathy are at risk for acute
symptomatic seizures, with estimates of incidence ranging from 22% to 64% using routine
electroencephalography (EEG) or amplitude-integrated EEG.1,2,6 Among neonates with
hypoxic-ischemic encephalopathy, seizures have been correlated with biomarkers of brain
injury, as well as worse clinical outcomes.7-12 However, there are limited data regarding
seizure occurrence during therapeutic hypothermia, and it is unknown whether or how
hypothermia affects the incidence or timing of seizures in neonates with hypoxic-ischemic
encephalopathy. A recent report of 20 term neonates receiving selective head cooling for
hypoxic-ischemic encephalopathy found 19 (95%) had seizures on amplitude-integrated
EEG during cooling, though none had overt clinical signs.13 This result was substantially
higher than previous reports and would suggest additional studies are needed to better
understand occurrence of seizures in this group. In other patient populations, reports conflict
as to hypothermia's impact on activity reflected on EEG and on occurrence of seizures.14-22

Further complicating issues related to seizure detection is the relative difficulty of detecting
neonatal seizures on the basis of clinical signs alone; up to 80% of electrographic seizures
are clinically unrecognized.23

To date, the incidence and evolution of neonatal seizures during cooling has not been
described using the gold standard for seizure detection: conventional, full-array continuous
video-EEG. This study employs continuous EEG monitoring to examine the incidence and
timing of seizures in consecutive term neonates receiving whole-body cooling for
hypoxicischemic encephalopathy.

Patients and Methods
The Children's Hospital of Philadelphia Institutional Review Board approved the conduct of
this study. A consecutive cohort of neonates undergoing clinically indicated therapeutic
hypothermia were prospectively enrolled. Patients met institution-specific clinical eligibility
criteria for cooling, based on guidelines derived from the 2005 National Institute for Child
Health and Development protocol. Exclusion criteria for cooling included gestational ages
less than 36 weeks or birth weight under 1800 grams. All neonates were cooled to
34°C-35°C (skin temperature), initiated within 6 hours of life and for a total duration of 72
hours, using the Blanketrol II (Cincinnati Sub-Zero, Cincinnati, OH) cooling device.
Demographic and clinical data were obtained by chart review and through a database of
neonates with hypoxic-ischemic encephalopathy.

According to our customary clinical practice protocols, all neonates treated with therapeutic
hypothermia were monitored with continuous EEG using a modified neonatal 10-20
electrode placement system and Grass Telefactor Software (Astro-Med, West Warwick, RI).
Electroencephalograhic monitoring was initiated as soon as possible after patient admission
and with a goal of continuation for at least 24 hours beyond rewarming. Two pediatric
neurophysiologists (CW and NA) reviewed all continuous EEG recordings by consensus to
confirm the presence of electrographic seizures. Video monitoring was used to determine
whether clinical signs were associated with electrographic events. Electroencephalograhic
tracings were segmented into 12-hour epochs. Each epoch was scored for the presence or
absence of electrographic seizures, and for the presence or absence of electrographic status
epilepticus.

Electrographic seizures were defined as abnormal electrographic events lasting more than 10
seconds with a plausible electrographic distribution that evolved in morphology and
frequency. Electro-graphic status epilepticus was defined as the presence of seizures for
more than 50% of a 1-hour epoch. Thus, status epilepticus was present if there was a single,
long seizure lasting more than 30 minutes or multiple recurrent brief seizures totaling 30
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minutes or more during a 1-hour period. Nonconvulsive seizures were defined as electro-
graphic seizures without clinical change detected on video. Electroclinical seizures were
defined as electrographic seizures associated with an abnormal clinical event apparent on
video.

Magnetic resonance imaging (MRI) including diffusion weighted imaging was performed as
clinically indicated. Based on neuroradiologist interpretation, MRI findings were classified
based on the extent of diffusion changes into categories of (1) none, (2) cortex alone, (3)
deep grey alone, and (4) cortex and deep grey structures.

Results
Thirty potentially eligible consecutive term neonates were identified between March 2008
and January 2010. Four died prior to initiation of continuous EEG, leaving 26 consecutive
subjects enrolled. Demographic characteristics are summarized in Table 1.

Continuous EEG was initiated urgently upon transfer, within a mean of 9.1 hours of birth (±
5.9 h), and within a mean of 4.3 hours (± 5.8 h) of achieving hypothermia. Although the
goal duration of recording was 92 hours, in some cases clinical circumstances required early
continuous EEG termination (ie, patient transported for neuroimaging, patient transferred, or
intensive care discontinued). The mean total duration of cEEG was 85.1 hours (± 21.8 h) per
patient.

Electrographic seizures occurred in 17 of 26 (65.4%) patients. In 4 of 26 (15.4%) patients, at
least some of the 12-hour epochs during monitoring included electrographic status
epilepticus. Among those with electrographic seizures, 8of17(47%) had exclusively
nonconvulsive seizures, whereas 9 of 17 (53%) had at least some electroclinical seizures
admixed with nonconvulsive seizures. No neonate had exclusively electroclinical seizures.

Among the 17 subjects with electrographic seizures, the earliest occurrence was at 5 hours,
42 minutes of life. The mean time of first electrographic seizure was 9 hours and 30 minutes
(interquartile range 16 h, 45 min to 40 h, 31 min). The latest time of first electrographic
seizure for any subject was 97 hours, 54 minutes. Seizure onset occurred at 0-24 hours in 9
subjects, 24-48 hours in 4 subjects, 48-72 hours in 1 subject, and more than 72 hours in 3
subjects. No subjects had just a single seizure. Five of 26 patients (19.2%) experienced
temporary cessation of seizures for more than 24 consecutive hours, only to have seizures
later relapse. Overall EEG results are summarized in Table 1 and Figure 1.

Eighteen of 26 patients (69.2%) received antiepileptic drugs during cooling, and 10 of 26
(38.5%) received at least 1 dose of phenobarbital prior to initiation of continuous EEG for
suspected clinical seizures. No patients received other antiepileptic drugs prior to continuous
EEG initiation. Of these 10 who received 1 dose of phenobarbital, 7 had electro-graphic
confirmed seizures during monitoring. An additional 8 patients (30.8%) received
antiepileptic drugs owing to electrographic seizures detected during continuous EEG.
Continuous EEG led to the discontinuation of phenobarbital in 3 (11.6%) patients owing to
the absence or resolution of electrographic seizures. To treat seizures refractory to
phenobarbital alone, fosphenytoin was also administered to 3 patients, levetiracetam was
added for 3, and 1 received both fosphenytoin and levetiracetam in addition to
phenobarbital. By the time of return to normothermia, 4 patients continued to have
uncontrolled seizures.

Magnetic resonance imaging was performed in 25 subjects at a mean age of 107 hours ± 38
hours. Diffusion changes were absent in 7, present in cortex and deep structures in 15,
present in cortex alone in 2, and present in deep structures alone in 1. Our study size did not
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allow for correlation between seizure occurrence and MRI findings. However, all 4 subjects
with status epilepticus had diffusion changes in both cortex and deep structures.

Discussion
This study uses conventional, continuous EEG monitoring to describe the incidence of
electrographic seizures among term neonates receiving therapeutic hypothermia for
hypoxicischemic encephalopathy. Using the definitive standard for seizure detection, we
found 65% of subjects had electrographic seizures during or immediately after treatment
with hypothermia. This finding is consistent with the “pre-hypothermia” literature, which
describes seizures in 22%-64%, suggesting that hypothermia as employed for hypoxic-
ischemic encephalopathy does not substantially affect the incidence of seizures.1,2,6

Among neonates receiving hypothermia, initial data from 20 term neonates receiving
selective head cooling for hypoxicischemic encephalopathy found 19 had seizures on
amplitude-integrated EEG during cooling, all of which were nonconvulsive seizures.13 We
did not identify as high an incidence of seizures in our group. The reason for the discrepant
results is not obvious. This finding may be a result of differences in study populations, as
each study was a single-institution group, and thus there may be inherent differences in the
patient populations between hospitals. We also cannot exclude the possibility that the results
diverge because of differences between how whole-body cooling and selective head cooling
influence seizure pathophysiology; these results could occur if selective head cooling were
somehow to elicit an increase in electrographic seizures as compared to whole-body cooling
or historical normothermia. Finally, our results may be different because of differences
between seizure detection with amplitude-integrated EEG and conventional video EEG
recording. Although amplitude-integrated EEG systems generally allow access to a raw
single-channel EEG tracing for further review, these records overall can be subject to higher
degrees of artifact than conventional multichannel EEG.24,25 Such artifact may mislead the
bedside clinician in the diagnosis of seizures. Further research is needed to resolve the
difference between the findings, as the results have important clinical management
implications. If seizures are nearly universal, as previously reported,13 then prophylactic
administration of anti-seizure medications might be considered for any neonate undergoing
therapeutic hypothermia. Conversely, if seizures are common but not universal, as our data
suggest, management might involve EEG monitoring with anti-seizure medication
administered only when seizures are detected.

This study demonstrated a relatively wide range in the time of first seizure onset, from about
6-95 hours of life, with a mean time of first seizure at 35 hours. although about half of
patients with seizures had the onset of seizures within 24 hours after birth, a substantial
number had seizure onset much later. Furthermore, approximately a third of those with
seizures experienced temporary cessation of seizures for more than 24 consecutive hours,
only to have seizures later recur. This finding is a departure from previous reports. Later
seizure recurrence may happen because hypothermia delays injury and thus seizure
occurrence, but seizures may also have occurred because we performed continuous EEG
monitoring for a longer duration than previous studies and thus may have been more
sensitive for detection of seizure recurrence. Further work is needed to confirm rates of
seizure recurrence after 24 hours in high-risk neonates. If our findings are generalized, they
would suggest that limiting continuous EEG to the first 24 hours after birth or discontinuing
EEG upon initial seizure resolution could miss important clinical information.

This study has several limitations. First, this was an observational study. All subjects
received hypothermia, and so a basis for comparison can be drawn only from historical data
in the literature. These historical data suggest seizures occur in 22%-64% of neonates with
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hypoxic-ischemic encephalopathy without cooling.1,2,6 However, we do not have a direct
comparison group, and thus we cannot conclusively demonstrate whether hypothermia
influences seizure occurrence or influences the timing of seizure occurrence. Furthermore,
although consecutive enrollment and prospective data collection protect against selection
bias, there was no control for clinical care administered during the period in question. For
example, a substantial number of patients received anti-seizure medications either before or
during continuous EEG at the discretion of the treating physician, which could influence
both the incidence and timing of seizures. The general practice in our institution is to treat
with anti-seizure medications with the goal of electro-graphic seizure termination. Other
treatment algorithms might have resulted in different occurrences of seizures. Second, this
was a single institution study with a limited number of subjects; larger studies including
patients at other sites under different treatment algorithms are needed to confirm and
generalize our findings. Third, this study examined only the presence and time of onset of
electrographic seizures. Further research is needed to characterize the exact seizure burden
and other EEG features in this population, and to better understand their effects on clinical
outcomes. Finally, MRIs were not performed in a standardized manner, thereby precluding
systematic analysis of neuroimaging findings and seizure occurrence.

In conclusion, this prospective study of a consecutive cohort identified electrographic
seizures in 65% of neonates receiving therapeutic hypothermia for hypoxic-ischemic
encephalopathy. Of those with seizures, 47% had exclusively nonconvulsive seizures, and
23% had status epilepticus. The range of time to seizure onset was wide, spanning several
days, including during hypothermia, rewarming, and upon return to normothermia. Many
patients had only nonconvulsive seizures, which would not have been detected even with
careful clinical observation. Although electrographic seizures were common, they were not
universal, suggesting standard administration of anti-seizure medications to neonates with
hypoxic-ischemic encephalopathy is not warranted anticipatorily. At the same time, given
the relatively high incidence of seizures in this group, EEG monitoring should be carefully
considered. The optimal duration of monitoring is unclear, though our results suggest it may
be beneficial to extend EEG monitoring beyond the first 24 hours for neonates receiving
hypothermia for hypoxic-ischemic encephalopathy.
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Figure 1.
Seizures and status epilepticus by subject over time.
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Table 1

Characteristics of Included Neonates and EEG Records (N = 26)

Male sex, n (%) 15 (57.6)

Gestational age, wk, mean (± SD) 39 (± 1.5)

Birth weight, g, mean (± SD) 3254 (± 555)

First h arterial pH <7, n (%) 16 (61.5)

Apgar scores, mean (± SD)

    1 min 1.4 (± 1.7)

    5 min 3.34 (± 2.2)

    10 min 4.2 (± 2.3)

Given phenobarbital for clinical seizure prior to EEG initiation, n (%) 10 (38.5)

Time from birth to hypothermia achieved, h, mean (± SD)a 4.83 (± 5.75)

Time from birth to initiation of video EEG monitoring, h, mean (± SD) 9.1 (± 5.9)

Died prior to hospital discharge, n (%) 6 (23.1)

Electrographic seizures, n (%)b 17 (65.4)

Electroclinical seizures, n (%)c 9 (34.6)

Abbreviations: EEG, electroencephalography; SD, standard deviation; h, hour.

a
Time of hypothermia achieved is first documented body temperature below 34° C.

b
One or more seizures on EEG during recording.

c
One or more seizures on EEG during recording with clinical signs seen on video.
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