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Objectives—To describe the prevalence, characteristics and predictors of electrographic seizures
following convulsive status epilepticus (CSE).

Study design—Multicenter retrospective study describing clinical and electroencephalographic
(EEG) features of children (1 month-21 years) with CSE who underwent continuous EEG
monitoring.

Results—Ninety-eight children (53 males) with a median age of 5 years with CSE underwent
subsequent continuous EEG monitoring after CSE. Electrographic seizures (with or without
clinical correlate) were identified in 32 subjects (33%). Eleven subjects (34.4%) had
electrographic-only seizures, 17 subjects (53.1%) had electro-clinical seizures, and 4 subjects
(12.5%) had an unknown clinical correlate. Of the 32 subjects with electrographic seizures, 15
subjects (46.9%) had electrographic status epilepticus. Factors associated with the occurrence of
electrographic seizures after CSE were a prior diagnosis of epilepsy (p= 0.029) and the presence
of interictal epileptiform discharges (p< 0.0005). The median (pp5—p7s) duration of stay in the
pediatric intensive care unit was longer for children with electrographic seizures than for children
without electrographic seizures [9.5 (3-22.5) versus 2 (2-5) days, Wilcoxon test, Z=3.9186,
p=0.0001]. Four children (4.1%) died before leaving the hospital and we could not identify a
relationship between death and the presence or absence of electrographic seizures.

Conclusions—Following CSE, one-third of children who underwent EEG monitoring
experienced electrographic seizures, and among these, one-third experienced entirely
electrographic-only seizures. A prior diagnosis of epilepsy and the presence of interictal
epileptiform discharges were risk factors for electrographic seizures.
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Status epilepticus is a common pediatric neurologic emergency (1). It is a life-threatening
condition with a mortality rate of approximately 1-3% in the pediatric population (2-5).
Additionally, surviving children may experience lifelong sequelae including cognitive and
neurodevelopmental impairments, epilepsy, and recurrent status epilepticus (2,6).

Management has long focused on aggressive treatment of convulsive seizures. However,
there is increasing recognition that electrographic-only seizures can persist after convulsive
seizures are terminated. Electrographic (EEG) seizures refer to an abnormal EEG pattern
that could be accompanied by a clinical correlate (electro-clinical seizures) or not associated
with any clinical change (electrographic-only seizures). The terms “subclinical” and “non-
convulsive” seizures have been variably used to refer to electrographic-only seizures or
seizures with only subtle manifestations. A recent Neurocritical Care Society guideline
considered convulsive and electrographic-only seizures as needing equivalently aggressive
management and recommended that the “treatment of status epilepticus should occur rapidly
and continue sequentially until electrographic seizures are halted” (7). In order to identify
electrographic seizures, the guideline recommended that “continuous
electroencephalographic monitoring should be initiated within one hour of status epilepticus
onset if ongoing seizures are suspected”. Although these recommendations are strong, the
guideline acknowledges that only low quality data support the recommendation (7) because
the occurrence of electrographic seizures following control of CSE has not been specifically
studied in children (Table I; available at www.jpeds.com). Several studies focused on EEG
monitoring have described the occurrence of electrographic seizures among children who
presented with CSE, but this was not the central focus of the research and the CSE cohorts
were small. Slightly more data are available in adults. In a prospective single-center series,
79 of 164 adults (48%) developed electrographic-only seizures after control of CSE (13).
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The objective of this multi-center, retrospective study was to begin to address the knowledge
gap between EEG monitoring recommendations (7) and supporting data. We aimed to: 1)
determine the proportion of children who experience electrographic seizures after resolution
of CSE, 2) describe the characteristics of electrographic seizures and EEG patterns
following CSE, and 3) identify predictors of electrographic seizure occurrence.

This was a retrospective, descriptive, multi-center study. This study was carried out by 11
pediatric institutions that are members of the Pediatric Critical Care EEG Group (PCCEG)
which is the pediatric component of the Critical Care EEG Monitoring Consortium
(CCEMRC). The study protocol was approved by the Institutional Review Board at each site
and included waived consent given the retrospective nature of the study.

Each of the 11 centers provided data for 50 consecutive children aged 1 month to 21 years
who underwent clinically indicated continuous EEG monitoring in the pediatric intensive
care unit. Information on the complete cohort of 550 critically ill children can be found
elsewhere (14,15). This study focuses on the subset of children who experienced CSE prior
to continuous EEG monitoring.

EEG monitoring was performed using the international 10-20 system of electrode placement
and the standard EEG system at each institution. All institutions had EEG monitoring
available and in regular use in the critical care setting. All centers used simultaneous video
recording. Decisions on whether and when to start continuous EEG monitoring, and the
duration of the continuous EEG monitoring were taken by the individual clinicians based on
best expected clinical utility for each individual patient. If there were multiple EEG
monitoring sessions during the same admission then only data from the first session was
included. EEG monitoring interruptions lasting less than 12 hours were considered the same
session.

These included age, sex, prior neurologic diagnoses (including diagnoses of epilepsy,
epileptic encephalopathy, developmental delay/intellectual disability, and other neurologic
diagnoses), acute neurologic disorder, mental status at the onset of EEG monitoring,
duration of stay in the pediatric intensive care unit, and in-hospital mortality. Acute
neurologic disorders were grouped into three categories: (1) epilepsy-related, (2) acute
structural (stroke, central nervous system inflammation or autoimmune disorder, traumatic
brain injury, central nervous system infection, brain malformation, tumor/oncologic, and
hypoxic-ischemic encephalopathy), and (3) acute non-structural (sepsis, metabolic,
pharmacologic sedation, toxin, paralytic administration). Because of insufficient information
on timing in clinical charts, the timing of EEG monitoring relative to the beginning of the
CSE was not specified.

These included electrographic seizure occurrence and characteristics, initial and typical EEG
background category, and occurrence of interictal epileptiform discharges. Electrographic
seizures were defined as abnormal, paroxysmal EEG events that were different from the
background, lasted longer than ten seconds (or shorter if associated with a clinical seizure),
had a plausible EEG field, and evolved in morphology and spatial distribution.
Electrographic seizures were classified as electrographic status epilepticus if any single
seizure lasted longer than 30 minutes (continuous electrographic status epilepticus) or if
recurrent seizures together lasted for more than 30 minutes in any one hour epoch (50%
seizure burden) (intermittent electrographic status epilepticus). The threshold for diagnosing
CSE has been progressively changed from 30 minutes to 5 minutes (16-18). However, the
threshold for defining electrographic status epilepticus is less clear. We used a 30 minute
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definition because prior studies utilizing this definition have reported that it distinguished
between: a) electrographic seizures not associated with short-term mortality or worsening
neurologic outcome and b) electrographic status epilepticus which was associated with
short-term mortality and worse neurologic outcome (14, 19).

Electrographic seizure characteristics included typical duration, and anatomical localization
at seizure onset and maximal extent. Electrographic seizures were also classified as
electrographic-only seizures if none of the seizures had a clinical correlate or electro-clinical
seizures if at least some of the seizures had a clinical correlate. Electro-clinical seizures were
subdivided based on the proportion of electrographic seizures with a clinical correlate: some
(1-49%), most (50-99%), or all (100%).

Data were collected and managed using REDCap (Research Electronic Data Capture) hosted
at The Children’s Hospital of Philadelphia Research Institute. REDCap is a secure, web-
based application designed to support data capture for research studies using an intuitive
data entry interface, audit trails, and export procedures to download to common statistical
packages (20).

Statistical analyses

RESULTS

Descriptive statistics are presented as medians and pos—p7s ranges for continuous variables
and as counts and percentages for categorical variables. We evaluated potential risk factors
for electrographic seizure occurrence using the chi-squared test for categorical variables and
the Wilcoxon rank-sum (Mann-Whitney) test for continuous variables. Further multivariable
analysis was not performed because only two variables predicted electrographic seizure
occurrence. All statistics were performed using STATA (Version 12.0, STATA Corp,
Texas, USA).

Ninety-eight children (53 males) with a median age of 5 years underwent EEG monitoring
following CSE and constituted our study cohort. Three out of the 98 patients were 18 years
or older. The main demographic and etiological features are presented in Table I1.

The most frequent indication for continuous EEG monitoring was the presence of
encephalopathy with possible electrographic seizures followed by management of refractory
status epilepticus. The duration and main characteristics of EEG monitoring are presented in
Table 111

Electrographic seizures occurred in 32 of 98 subjects (32.7%) following CSE. Among the 32
subjects with electrographic seizures, 17 subjects (53.1%) had some clinical correlate and
thus might have been identified by close clinical observation, 11 subjects (34.4%) had
electrographic-only seizures and thus would not have been identified without EEG
monitoring, and 4 subjects (12.5%) did not have data about clinical correlate, despite
continuous video monitoring during the events. Of the 32 with electrographic seizures, 15
subjects (46.9%) had electrographic status epilepticus which was characterized as
continuous electrographic status epilepticus in 6 subjects (40%) and intermittent
electrographic status epilepticus in 9 subjects (60%). Seven of the 15 subjects (46.7%) with
electrographic status epilepticus had electrographic-only seizures which would not have
been identified without EEG monitoring. Two of 19 subjects (10.5%) diagnosed with febrile
convulsive status epilepticus had subsequent electrographic seizures. The main
characteristics of the electrographic seizures are presented in Table V.
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We evaluated potential predictors of electrographic seizure occurrence using univariate
analysis. Table Il presents univariate analyses for clinical variables and Table I1I presents
univariate analyses for EEG variables. The presence of a prior diagnosis of epilepsy (Table
I1) and the occurrence of interictal epileptiform discharges (Table 111) were associated with
electrographic seizures. Subjects with electrographic seizures had a longer duration of EEG
monitoring and a higher frequency of burst-suppression in the typical EEG background
(Table 111).

When comparing subjects with electrographic status epilepticus to subjects without
electrographic status epilepticus (no electrographic seizures, or electrographic seizures but
not electrographic status epilepticus) the presence of an abnormal initial EEG background
category (Pearson chi-square= 9.7346, p= 0.045) and the presence of interictal epileptiform
discharges (Pearson chi-square= 11.7072, p= 0.001) were associated with electrographic
status epilepticus. Age, the presence of prior developmental delay or intellectual disability,
acute neurologic disorder, mental status at the beginning of the EEG monitoring, and the
presence of a prior diagnosis of epilepsy did not predict the occurrence of electrographic
status epilepticus.

Patients experiencing some seizures with a clinical correlate might be identified by close
observation, and patients with exclusively electrographic-only seizures could not be
identified without EEG monitoring. Thus, we analyzed the dataset for predictors of
electrographic-only seizures by comparing the 11 subjects with electrographic-only seizures
to the 17 subjects with electro-clinical seizures. Age (Wilcoxon rank-sum (Mann-Whitney)
test z= —1.176, p= 0.2395), the presence of a prior developmental delay or intellectual
disability (Pearson Chi-square= 0.4492, p= 0.503), acute neurologic disorder (Pearson Chi-
square= 1.9874, p= 0.370), mental status at the beginning of the continuous EEG monitoring
(Pearson Chi-square= 1.4392, p= 0.487), initial EEG background category (Pearson
Chisquare= 1.8201, p= 0.769), the presence of a prior diagnosis of epilepsy (Pearson Chi-
square= 2.4456, p= 0.118), and the presence of interictal epileptiform discharges (Pearson
Chi-square= 0.0499, p= 0.823) did not predict the occurrence of electrographic-only
seizures.

Four out of 98 patients (4.1%) died before hospital discharge. We evaluated potential
predictors of mortality using univariate analysis. No differences in mortality were found
when comparing children with or without electrographic seizures (Table II).

We evaluated potential predictors of intensive care unit length of stay using univariate
analysis. Children with electrographic seizures had a median (pos—p7s) duration of stay in
the pediatric intensive care unit [9.5 (3—22.5) days] that was longer than that of children
without electrographic seizures [2 (2-5) days] (Wilcoxon test, Z=3.916, p=0.0001). Children
with electrographic status epilepticus had a median (interquartile range) duration of stay in
the pediatric intensive care unit [21 (9-49) days] that was significantly longer than that of
children with electrographic seizures without electrographic status epilepticus [3 (2-10)
days] (Wilcoxon test, Z=3.389, p= 0.0007). When comparing children with electrographic-
only seizures and children with electro-clinical seizures, we could not find differences in the
duration of stay in the pediatric intensive care unit (Wilcoxon test, Z=1.344, p=0.179).

DISCUSSION

Approximately one third of children with CSE, who underwent clinically indicated EEG
monitoring experienced subsequent electrographic seizures. Additionally, one third of
children with electrographic seizures (approximately 11% of the total children with
monitoring after CSE) experienced exclusive electrographic-only seizures which could not
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have been identified without EEG monitoring. On univariate analysis, factors associated
with the development of electrographic seizures after CSE were prior diagnosis of epilepsy
and the presence of interictal epileptiform discharges. The presence of an abnormal EEG
background at the beginning of the monitoring session and the presence of interictal
epileptiform activity were associated with electrographic status epilepticus. The occurrence
of electrographic seizures was associated with a longer stay in the pediatric intensive care
unit.

The demographic characteristics of our population are similar to those of other series of
children with convulsive status epilepticus (3,9,10,12,21-26) with some etiology differences
depending on whether studies were performed in an intensive care unit setting or in an
ambulatory setting.

Although recent guidelines advocate for the use of EEG monitoring after CSE (7), the
frequency of electrographic seizures following CSE has not been previously studied in
children. The most similar series to ours was performed in 164 adults (age =16y) who
underwent EEG monitoring following control of CSE (13). Electrographic-only seizures
occurred in 79 subjects (48%), including 23 subjects (14%) with non-convulsive status
epilepticus (13). Similar data in children can only be roughly estimated based on the scarce
indirect information available. In two small retrospective case series of children with non-
convulsive status epilepticus, there was preceding CSE in 5 of 19 children (26%) (8) and in
4 of 7 children (57%) (9). A different study found that electrographic seizures occurred in 29
of 56 patients (52%) who had prior convulsive seizures (without specifics regarding which
proportion had CSE) (11). In a large pediatric study of 122 children who underwent EEG
monitoring, the likelihood of experiencing an electrographic seizure was five times higher if
the underlying diagnosis was prior clinical status epilepticus (10). Our data provide an
estimate of the prevalence of electrographic seizures following CSE in a larger multi-center
cohort and we studied this aspect prospectively: from CSE to electrographic seizures.

We identified prior diagnosis of epilepsy and the presence of interictal epileptiform
discharges as risk factors for electrographic seizures after CSE. Any comparisons with
previous studies are limited because other series of children undergoing EEG monitoring
assessed for electrographic seizure risk factors in broader cohorts, and not only in children
with CSE. Factors that have been associated with electrographic seizure occurrence in these
cohorts included an acute presentation of epilepsy, acute structural neurologic etiology,
acute non-structural neurologic etiology, prior diagnosis of epilepsy, and epileptiform
discharges on EEG (12); coma, age<18y, history of epilepsy, and convulsive seizures during
the current illness (22); young age (11); age younger than two years and clinical seizures
prior to EEG monitoring (21). Although predictors are heterogeneous in these different
studies, the presence of prior seizures or epileptiform activity and younger age were
consistently associated with an increased risk of electrographic seizures. In our series,
epilepsy and epileptiform activity were associated with electrographic seizure occurrence,
but age was not associated with electrographic seizures. By identifying risk factors for
electrographic seizures our study may help target limited EEG monitoring resources to
children most at risk for experiencing electrographic seizures.

The principal goal of treatment in status epilepticus is to stop both clinical and
electrographic seizures as soon as possible (7), but the clinical impact of EEG monitoring
and electrographic seizure identification remains unclear. In one study of critically ill
neonates and children, electrographic seizure occurrence was associated with an unfavorable
outcome (27). In two studies of critically ill children, the occurrence of electrographic status
epilepticus but not electrographic seizures was associated with higher mortality (14,19) and
worse short-term outcome (19). Physiologic mechanisms that could lead to worse outcome
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have been identified. Specifically, non-convulsive seizures have been associated with
increased intracranial pressure and a higher lactate/pyruvate ratio in adults with traumatic
brain injury (28). Presumably, identification of electrographic seizures by EEG monitoring
results in at least partially effective treatment and exposure to a lower seizure burden,
although this has only been demonstrated in neonates. In a prospective study, neonates
underwent amplitude integrated EEG monitoring and were randomized to permit or restrict
physician access to amplitude integrated EEG data. When physicians had access to
amplitude integrated EEG data and could modify management based on these data, neonates
experienced a tendency towards lower seizure duration, lower brain injury evident on
magnetic resonance imaging, and lower mortality (29). Observational studies have reported
that EEG monitoring results in anticonvulsant changes in about one-half of critically ill
children and adults who undergo EEG monitoring (30,31) and that seizures can often be
terminated with existing antiseizure medications (32). Further study is needed to establish
whether these anticonvulsant changes result in reduced seizure exposure or in a change in
outcome.

The 4% mortality in this cohort is slightly higher than the range of mortalities found in prior
pediatric series of CSE of approximately 1-3% (2-5), possibly reflecting the more severe
cases cared for in the pediatric intensive care units who were chosen to undergo EEG
monitoring. In the adult series, the mortality of patients with non-convulsive status
epilepticus and with interictal discharges after CSE was higher than in patients without
interictal discharges after CSE (13). We could not find evidence that the presence or absence
of electrographic seizures influenced mortality in our series. The etiology of CSE is a major
determinant of mortality (3,6,33), but we could not replicate those findings in our series.
Very limited in-hospital mortality in our series may account for the lack of statistically
significant differences. However, we found that presence of electrographic seizures and
presence of electrographic status epilepticus were associated with a longer stay in the
intensive care unit.

This study needs to be interpreted in the clinical setting of data acquisition including the
possibility of information and selection bias. First, continuous EEG monitoring was not
initiated as part of a prospective protocol with pre-specified criteria. Rather, the decision to
monitor patients was based on clinical judgments and on a case by case basis. This may have
resulted in an overestimation of the electrographic seizure prevalence by selecting seizure-
prone cases. On the other hand, we may have underestimated the overall electrographic
seizure prevalence because some patients with electrographic seizures may not have been
monitored. Timing of EEG monitoring relative to the beginning of the status epilepticus was
not captured and this factor may add to an over- or under-estimation of the real frequency of
electrographic seizures after CSE. The clinical correlate of four patients with electrographic
seizures was unknown because of the retrospective nature of our study. Although imperfect,
these data indicate that sufficient numbers of children may experience electrographic status
epilepticus following CSE to justify continuous EEG monitoring in this population and
therefore warrant further prospective study. Second, we applied standard definitions for
electrographic seizures and status epilepticus to limit information bias and all EEG
interpretations were performed by pediatric neurophysiologists, but we did not utilize multi-
reader scoring and thus could not confirm the level of inter-rater agreement. Additionally,
electrographic status epilepticus represented a combined outcome involving both long
electrographic seizures and recurrent electrographic seizures adding to heterogeneity.
Finally, the only outcome measures assessed were mortality and pediatric intensive care unit
length of stay. Neither electrographic seizures nor electrographic status epilepticus were
associated with higher mortality, but our numbers were small. Also, more detailed outcome
measures related to neurocognitive status may be more sensitive to seizure-induced injury.
Importantly, because EEG monitoring was clinically indicated the findings were acted upon
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by clinicians. Most centers target electrographic seizures for treatment if identified. Thus,
mortality might have been higher among subjects with electrographic seizures or
electrographic status epilepticus had they not been targeted for management and thus their
seizures would have presumably persisted longer. Our study collected the variable of
electrographic seizures as a dichotomous variable: present/absent. Therefore, we are not able
to answer the interesting question of whether the higher yield of capturing electrographic
seizures in the group with >72 hours of monitoring was secondary to a long monitoring or
because monitoring was continued because of prior detection of electrographic seizures.
This will be subject of future studies with more detailed EEG screening as the yield of
electrographic seizure detection when comparing the different durations of EEG timing
would provide valuable clinical guidance to clinicians. Some of these challenges could be
overcome by a prospective study which involves prospective screening of all patients with
CSE for specific EEG monitoring indications, multi-reader EEG scoring, more detailed
seizure burden measurement, and more detailed outcome assessments. Our finding that
electrographic seizures are common in this population suggests that such prospective studies
are warranted.

Further study is needed to establish whether electrographic seizures are an epiphenomenon
and simply reflect brain injury or whether they cause neuronal injury and worsen outcome.
Additionally, it is not known whether management of electrographic seizures leads to
improved outcomes. The present study sets the stage for future prospective studies that will
evaluate whether modification of electrographic seizures with antiseizure medications
modifies the outcome in these patients.

Abbreviations

EEG Electroencephalogram (or elecetroencephalographic)

CSE Convulsive status epilepticus

PCCEG Pediatric Critical Care Electroencephalogram Group

REDCap Research Electronic Data Capture
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Table 4

Electrographic seizure characteristics

Frequency of electrographic seizures following convulsive SE (N=98)

Electrographic seizures

No electrographic seizures

32 (32.7%)
66 (67.4%)

Typical duration of electrographic seizures (N=32)

10-59 seconds

11 (34.4%)

1-5 minutes 10 (31.3%)
6-30 minutes 7 (21.9%)
>30 minutes 4 (12.5%)
Electrographic seizure onset localization (N=39) Focal 16 (41%)
Multi-focal 8 (20.5%)
Generalized 12 (30.8%)
Unknown 3 (7.7%)

Electrographic seizure maximal spread localization (N=34)

Focal-unilateral

13 (38.2%)

Bilateral 17 (50%)
Unknown 4 (11.8%)
Per cent of electrographic seizureswith clinical correlate (N=32) 100% 9 (28.1%)
50-99% 2 (6.3%)
1-49% 6 (18.8%)
0% 11 (34.4%)
Unknown 4 (12.5%)

Frequency of electrographic SE following convulsive SE (N=32)

Electrographic SE
No electrographic SE

15 (46.9%)
17 (53.1%)

Type of electrographic SE (N=15)

Continuous

Intermittent

6 (40%)
9 (60%)

Legend: SE: Status epilepticus.
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